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1. SUMMARY

The objective of the program conducted under Contract NAS 3-178 23 was to investigate,
develop, and perform copper and nickel electrotorming tor the purpose ot establishing the necessary
processes and procedures for repeatable. successful fabrication of the outer structures of regeneratively
cooled thrust chambers. This report describes the selection of electrolytes tor electrotforming. the de-
velopment studies conducted to refine and complete the processes necessary for producing high qual-
ity thrust chamber outer shells. and the testing employed to demonstrate the applicability of these
processes and procedures when applied to small-scale hardware.

Specifications were developed and modified from observations and test results in the develop-
ment effort. Procedures. processes, and controls were detailed for electroforming copper and nickel,
for pieparation of copper and copper alloys for electroform bonding. and for the specialized tech-
nology unique to thrust chamber electroforming - treatment of coolant passages by temporary fill-
ings, conductivizing. and bond activation.

Copper alloy (Amzirc) test cylinders, containing passages simulating those of actual regenera-
tively cooled thrust chamber liners, were electroformed with copper and nickel for destructive evalu-
ation to verify that high bond integrity and good mechanical properties were obtained using the
specifications developed. Results disclosed that the electroformed bonds always exhibited strengths
at least equal to the tensile strength of the weaker component metal. Meclanical properties of the
clectiroformed copper and nickel were at least equal to those of the annealed wrought counterpart or
were sup2rior from a standpoint of structusal application and had excellent thermal stability.



11, INTRODUCTION

One of the primary methods of fabricating the outer shells of regeneratively cooled thrust
chambers for advanced design recket engines is by electroforming. \ ty pical iocket engine i~ shown
schematically in Figure 1. The cooled thrust chamber section s composed of 4 combustion chamber
where burning ¢t high energy iuel and axidizer occurs. a throat restriction to Zomvert the high pres-
sure gases inio high velocity vector tlow. and u mozzle 1o increase gas velocity and amiphty thirust.

The inner meinber of the chamber wall structurce is the finer. or hot guy< side. which 1s usually
produced by conventional spinning and machining techniques trom specially selected wrought metal
alloys having outstanding elevated temperaturz performance. Channels are machined into the liper
to provide flow passages for a coolant (usually one of the propellunts) to maintain the hot gas wall
at a safely low operating temperature. The outer shell closes out the coolant passages and provides
structural support for the liner coolant system. Electroformed nickel or copper is generally utilized
for the outer shell due to available experience with the deposition of these metals and the usetul
properties obtainable with theni.

Electroforming provides the most economical means of fabricating the complex shuape re-
quired in the outer shell. Properly performed. this technology can provide material properties and
structural integrity required by the design engineer.

Experience required to utilize this technology in producing hardware meeting the rigid service
requirements demanded is limited. Processes and procedures are. for the most part. proprietary. As
a result. the product ot one electroiormer will frequently ditter trom thut of another with respect to
mechanical properties. deposit qualityv. and bond strengths achieved between the electroformed outer
shell and the chamber liner. Similar variation is possible in consecutne products from the same
electroiormer.

The following report describes the development of processes and procedures for the prepura-
tion of specifications for electrotorming nickel and copper outer shells on regenerative. v cooled
thrust chamber liners. These specifications represent u merging of technical contributions from muny
sources into a guide for those considering the ejectrodeposition ot gerospace strictures.

Since most procedures ind practices tor electroforming complex structures subject to arduous
service environments are high'y proprietary. it is anticipated that the specitications contained heremn
will be continually improved as various electroforming investigators add their own personal know-
ledge and experience to the available literature. For the present. this work provides a4 basic document
on which the electroformer may compare his product with that ot another.
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HI. LITERATURE ANALYSIS

Electroforming the outer shells of regeneratively cooled thrust chinmnbers is a unque electro-
chemical process for it is a hybrid operation between true clecirotorming where the m ndral v re-
moved to leave a free stunding structure and heavy electroplating wher2 4 highly retiuble bond to the
substrate metal is required. Possibly the most difficult task i eiectrotorming rageneratively cooled
thrust chambers is the requirement that a delicately conductivized film over thie materiul used to ill
the coolant passages must be bridged with a not-porous layer of electrodeposited metal while simul-

taneously obtaining a highly reliable bond to the metal surfuces ud,ucent to the pussages.

In effectively mecting the above requincments it was necessary to consuder all processes by
which the desired electrodeposits could be made and the benetits or disadvantages in mechunical
properties available from each. A literature search was conducted 1o screen all candidate processes
for the deposition of copper and nickel as the electrodeposited outer shell materiul. These metals
are the most commonly used by virtue of available deposition experience. controtled mechanical pro-
perties. and favorable thermal properties. Included in this survey were all procedures and processes
related to bonding on metal substrates - with particular requirements for bonding to copper and
copper alloys.

The complete literature analysis has been published in Report No. NASA CR-134776. “Inves-
tigation of Electrotorming Techniques™ [ 1]. From this survey acid copper sultate with periodic re-
verse current and copper pyrophosphate were selected as the most promising commerciaily available
electrolytes for copper electroforming. This choice of electrolytes was bused on the mechanical and
physical properties obtainable in the deposit when compuared to similar data tor wrought annealed
copper. This includea performance at elevated temperatures as well as room temperature. Such
evaluation was critical since the deposits are subject to being brazed or welded as secondary tubri-
cation operations in thrust chamber manufacture. Reasonably fow residual stresses in tite deposits
from these electrolytes was also considered a favorable factor since high tensile stresses in deposits
can decrease fatigue strength in the substrate metal.

It was noted that “as deposited”™ mechanical propertics {rem the product of bright leveling
acid sulfate electrolytes aze often superior to those of the copper solutions selected m this program.
However. this is a result of grain refinement tfrom orgunic additives  Such additives can contribute
to deposit impurities which result in porosity or embrittlement upon exposure to elevated tempera-
ture. Such electrolytes represented a high risk selection pending u detuiled investigation of iheir
thermal behavior and this was bevond the scope of the present program.

For nickel depusiiion. the nickel sulfamate electrolyte with fow chloride content {or no
chloride content) was seiected for electroforming structural nickel subjected to elevated temperature
exposure. The sulfamate baths offer the best combination of controlied mechunicai properties. low
tensile stress in the deposits. and case of operation.

The iiterature review disclosed two primary techniques for preparing copper and conper alloy
surfaces for bonding. The most promising approach appeared to be o Stuntord University { 2§ recom-
mended procedure in which all activation solutions and conditions were vonsidered compuatible with
the conductivized film required on the wax-filled channel surtaces. Most other techniques were high-
risk. based on potential chemical attack on the conductivizing media.

The literature aiso disciosed the use of various waxes tor tithing recesses tor subseq ent con-
ductivizing. Experience has shown certain wax short-comings as contributing to poor dimensionui
control of channels and in some mstances 1o porosity in deposits immedistely over the coolant puass-
ages. From recommendations in the hterature. a specivic filling compound. Rigidax W [ight Blue
was selected for investigation.



IV. ELECTROFORMING DEVELOPMENT

A. GENERAL

A development program was established to investigate the most promising electrolytes
selected from the literature analysis to electroform outer shells on regeneratively cooled thrust cham-
bers. The two copper electrolytes selected were the pyrophosphate solution and the acid copper
sulfate bath with periodic current reversal. Neither of the two systems is commonly used to produce
heavy electrodeposits in the aerospace industry, so it was considered necessary to develop or verify
the mechanical properties obtainable from each bath. The nickel sulfamate electrolyte selected was
investigated primarily for information as to necessary controls to maintain the useful structural pro-
perties known to be possible with this solution.

Frequent references in the literature to waxes used to fill coolant passages in chamber liners
has been made, but little description of the problems associcied wirh their application Gud consequent
effects on conductivizing films or the structure of electrodeposits has been made. The investigation
of several commercially available waxes was included in this study.

B. COPPER PYROPHOSPHATE ELECTROLYTE INVESTIGATION

A 56.8 liter (15 gallon) bath of pyrophosphate copper solution was prepared from commer-
cial plating grade salts. The bath was hydrogen peroxide treated, carbon treated, and filtered prior
to use. A serics of flat test parels were produced on a stainless steel mandre! and removed tfor mech-
anicai property testing. As work continued with this bath, a series of modifications were made to
determine the effects of improved filtration and solution agitation on the mechanical properties.

Tiie normal operating range and solution chemistry for pyrophosphate copoer electrolytes
isshown in Table 1.

TABLE |
NORMAL RANGE OF CHEMISTRY AND OPERATING CONDITIONS
FOR COPPER PYROPHOSPHATLE BATHS [ 5]

Copper Metal, g/l 18.8 10 30.0

Pyrophosphate-Copper-Ratio 74:1108.0:1

Ammonia, g/! 0.375tc 2.25

Potassium Nitrate, g/1 5to 10

ph 80tc8.5

Temp, °C 46.1°1057.2°C

Current Density, Cathode® 2.16 to 3.24 Amp/dm?

(20 to 30 Amp/ft?)

*High densities possibie with good aitation of electrolyte.




The primary objective of this study was the determination of means to improve ductihity in
the deposits. Lamb. Jonnson. and Valentine [ 31 repurted excetient ductility ot 39 percent elonga-
tion in a 50.8 mm (2 in.} gauge length in the ¢ deposited” ondition. Other investigators fiave
chown 10 percent elongation or less [1].

The appendix prasents a tabulation ot the pyrophasphate copper electiolyte analyses. opere-
ting conditions, and deposit test results during this study. Only Jaia for those lat panels physicaliy
testad 1s reported. The remaining paneis were considered unsuitable for test due to brittleness. ab-
normaul roughness. or “burning.”

Test Panels | and 6 were produced from an ciectrelyte high in ammonia content which would
account for the high luster of the deposits. A spiral contructometer wus used to obtain the residual
stress value reported in Panel 1. This compressive stress of 24.66 MAN ‘m? 13.58 Kpsi} for a current
density of 2.15 A/dm?® (20 amps/f1°) was abcut twice that reported in the literature [3]. The tensile
strength results for Panels | and 6 were abnormally high for an electrolyte with no additives. The
low ductility on these same panels indicated tl at codeposttion of partwculate matter might be occur-
ring. or the air agitation might be insufficient to maintain good electrolyte movement at the cathode
surface.

Panels 7 and 8 were produced tfrom the sume electrolyte atter the ammonia content was
adjusted to the normal operating range. The functions of this ingredient are- (1) to aid in proper
anode corrosion. and (2) to maintain deposit hrightness. A recirculaiing pump system was added
with a filter chamber to provide 10 myscron neminal filiration to the elecuciyte. Mechunical pro-
perty test results for Panel 7 indicated that reducing the ammonia concentration and use of 10 mi-
cron filtration did not improve the ductility of the deposits. Rzducmg the anode-cathode area ratio
{Panel 8) appeared to result in a decrease in the deposit mechanicul strength but did not improve
ductility.

Air agitation had been supplied by a single fow pressure. on-less wir compressor and dividing
the air supply equally between thie anodes and cathode. For the remainder of the study . the entire
air supply was used to agitate the electrolyte in the area of the cuthode. The filtration system was
improved by installation ot 2 micron nommal rated filters and continuous carbon treatment.

Panel 9 was electrotormed under the improved conditions and tested for mechanical proper-
ties. An improvement in material ductility was noted in that the elongation in 0.8 mm (2 ) gauge
length ranged from 17 to 21 percent. Heating a sample of this panel at 176.7°C {3507 F) for one
hour unproved the elorgation to 23 percent.

Mechanical property results from Panel 10 specimens indicated an increase in brittleness as
expected when the copper metal content is hih or the pyrophosphate copper ratio is fow  In this
case. both conditions existed. Heat treating this material at 175.7°C 13307 F) tor one hour improved
the ductility. These results indicated that the pyrophosphate copper ratio must b2 mumntained ingher
than 7:! for good mechanical properties - particularly elongation

Panel 12 was produced under what was considered the best efectrolyvte conditions based on
previour. findings. Thie excellent mechanical properties obtaned compared tavorably with the data
of Lamb. Johnson. and Valentine 3] The censile bars extubited nearly wdeul neck-down and tractuie



The microstructure is shown in Figure 2. The material contains a generally coarse appearing equiaxed
grain structure containing fine sub-graias. This agrees completely with the tindings of Lamb. Johnson,
and Valentine. It is possible that the high yield strength exhibited t y pyrophosphate copper may be
related to this unique structure. The mechanical nroperties for specimens from this panel are com-
pared with those reported in the literature [4] for wrought annealed OFHC copper, Table il.

TABLE 11
COMPARISON OF MECHANICAL PROPERTIES OF ANNEALED
OFHC COPPER AND "AS DEPOSITED” PYROPHOSPHATE COPPLER

Tensile Strength Yield Strength Elongation%
Kpsi MN/m? Kpsi MN/m? 8in. ! 2in,
OFHC Copper 3ito 213.7 10 12te 82.7t0 42 10
Annealed Rod 32 220.6 15 89.6 435
Pyrophosphate 43310 2986 to 24510 168.9 to 2710
Copper, Panel 12 459 316.5 25.7 177.2 37
i

On Punel IS the air agitation system was inadvertently misaligned while all other electrolyte
operating conditions and solution chemistry were in proper control. The mechanical properties ob-
tained were similar to those on Puanel 12, except for the ductility being greatly decreased. The same
was t.ue for Parel 16. Panel 20 was produced when the pyrophosphate copper ratio was at the low
cide of the permissible operating range. The ammonia content was low, but within the operating
range. Mechanical property results indi-awed a general increase in ultimate strength and yield strength.
The ductility was lower than desired.

Panel 25 was produced under optimum electrolyte composition and operating conditions
during the first portion of the electrotorming period. Midway in the deposition run the panel was
raised from the electrolyte for a brief inspection. It was replaced in the electrolyte, but in a slightly
different position with respect to the air agitation system. Some of the air furnishing electrolyte
agitation was directed behind the mandrel rather than ove, e face being electroformed. This re-
duced electrolyce movement resuited in a duplexed microstructure as shown in Figures 3 and 4. The
mechanical properties were good: however, the ductility was not as good as that of Panel 2.

The test paricls in this study could be categorized by mechanical properties and then associ-
ated with electrolyte controls (or discrepancies) which contributed to these results, Table [I1.

From this investigation it was indicated that all of the mechanical properties are affected by
electrolyte copper content. pyrophosphate copper ratio. and the degree of filtration (fineness of
particulate removed). Alr agitation. or uniformity. does not anpear to significantly affect the deposit
mechanical strength or yield strength. but it does significantly determine the ductility obtainable as
shown in Table I11.



Parel 12 Maanification 100X

The above photomicrograph was taken from a non strained region of a tensile test specimen which indicated
mechanical properties of:

Kpsi MM m.*
Ultimate Strength Fﬁ; 298.6
Yield Strength 255 1758
Elongation, °;in 2 Inches 37

The microstr. ~ture appears to be medium coarse equiaxed with the fine subgrain structure described by Lamb,
Johnson, and Vv .-lentine (6).

Figure 2. Microstructure ot Copper Pyrophosphate Deposits
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Figure 3. Duplex Grain Structure in Copper Pyrophosphate Flectrotormed Panel

Region of nodular or rough deposit surface

in the same cpecimen as illustrated in

Figure 3. The areas of duplex grain structure
appear to vary as a result of localized char.jes
in electrolyte agitation conditions at the
cathode surace.

Panel 25 Maanification 32X

Figure 4. Region of Nodular Surface in Copper Pvrophosphate Electrotormed Panel



TABLE 1
CATEGORIZATION OF PYROPHOSPHATE COPPER DEPOSITS BY MECHANICAL
PROPERTIES AND RELATED ELECTROLYTE CONTROLS

Mechanical Pronerty Range

Ult. Strength Yield Strength Related Electroly te
Panel - - Elongation Chemistry or Operating
Rating Nos. Kpst MN/m~ Kosi MN/m~ Ty 2N, Conditions
Soor 1.6,7, | 56.7 10 3909 1o 35.0to 2813 w0 1012 'nadequate electroiyte fdtration,
8,10 83.8 5778 68.5 4723 or high copper metai and low
pyro/cu ratio (below 7:1)
Poor 16 437 to 301310 27510 189.6 to 8t 10 Badly misaligned air agitation
45 306.8 293 2029 system
Fair 9,15, 38.7 to 266.8 to 22.7to 156.5 to0 141021 Non-optimum placement of air
20 53.3 367.5 364 251.0 agitation system, or marginal
| pyra/cu ratio {Panel 20 only)
Good 25 422 2910 21.2 181.5 28 Bath chemistry optimum, air

agitation ahignment chznged dur-
ing electroforming.

Excellent 12 433510 298.6 to 24510 168.9 1o 27 10 37 Bath chemistry optimum, air
459 3165 25.7 171.2 agitatian near optimum

Specimens from Panel 25 were supplied ro the NASA Lewis Research Center tor independent
evaluation. The material was found to weld satistactorily .

It is concluded that electrodeposits from the pyrophesohate copper electrolyte are satistuc-
tcry for application to regeneratively cooled thrust chamber outer shells. However. the application
of this process will require additional studics by the user to develop u satistactory electrolyte agita-
tion system which will assure good solution circulation in recessed areas (chamber throat region) in
actual hardware.

C. INVESTIGATION OF ACID COPPER SULFATE ELECTROLYTE DEPOSITS WITH
PERIODIC CURRENT REVERSAL

A 120 gallon (454.2 liter) tank used for plating bright leveling acid copper was converted to
conventional acid sulfute with periodic current reversal capability for this study. A new c¢lectrolyte
was prepared which analyzed 48g/1. (6.4 oz/gal) copper as metal. 187.5 g/1. (25 oz’gal) copper sul-
fate, and 75 /1. (10 oz/gal) sulfuric acid. The phosphorized OFHC copper anodes were repiaced
with OFHC copper anodes. The solution was hydrogen peroxide treated. heated to 60°C (140°F)
to drive off residual peroxide. and subjected to continuous filtration.

The first panels electrotormed were to determine the effects of bath agitation on the physicai
appearance of the deposits. No periodic current reversal was nsed. Air agitation ot the bath without
cathode movement resulted in a rough. nodular deposit of unsuitable quality for testing. Cathode
movement on a reciprocating rod improved the second panel. but the surface quality was not as de-
sired. An excessive number of anodes were present which resulted in abnormully low anode current
density. This was corrected and a recirculating pump and spray system installed to improve electro-
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lyte flow. The electroforming tunk. including an electreform rotation system and perioaic current
reversa! unit is illustrated in Figure 5.

The next panel was eleciroformed at a current density of +.84 A/dm? (45A/ft?) and a bath
temperature of 32.2°C (90°F). The mechanical properties obtained were.

Ult. Strength Yield Strength Elongation

Test Strip Kpsi MN/m?* Kpst MN/m?> % in 2 inches
1 49.6 3u2.0 31.0 2137 9
391 338.5 30.4 209.6 19
514 3544 1 20.5 210.3 18

The high tensile strength and lower than expected ductility indicated some of the old bright leveling
bath may have been left in the recirculstion, filtering, and carbon treatment systems. Correction was
made by peroxide treatment and replacement of the fiiters and carton.

A new series of test panels were electroformed wit't and without the use of periodic current
reversal. The electrolyte temperature was maintained between 32.2 and 35.6°C. The elsctrolyte
was continuousty filtered and carbon treated. The mechanical property test results for the control
panels (with no periodic current reversal) are shown in Table IV. Corresponding data under similar
electrolyte controls for deposits electroformed with periodic current reversal are shown in Table V.

The most significant finding in that portion of the study concerning mechanical properties
of conventionally electroformed copper from the acid sulfate bath was the beneficial effect of vigor-
ous agitation of electrolyte at the cathode. At 4.84 A/dm* (45 Amp/ft?) the mechanical property
test results showed an excellent combination of strength and ductility (Panel 2. Tatle IV). Asex-
pected. these results could not be duplicated at greater deposit thicknesses. Panel 3. Table IV. was
electroformed to almost 2.5 mm (0.10 inch) in thickness using the same current density as was used
to deposit Panel 2. The resulting mechanical properties at this thickness were unsuitable for most
structural applications. Grain coarsening during thick electroforming led to greater impurity code-
position and microstructural faults with attendant poor mechanical strength and low ductility as
ilustrated in Figure 6.

Table V shows the benefits of periodic current :eversal on the mechanical properties of acid
copper deposits. The mechanical properties of all deposits produced ai current densities of 4.84
A/dm? (45A/ft?) or 6.46 A/d:n* {60 A/ft?) are good with the former being excell2nt - particularly
in regards to ultimate and yie'd strengths. The most striking advantage to periodic current reversal
appears to be the ability to rmaintain these properties at any deposit thickness as evident for Punels
PR-3 and PR4. The depcsits were very smooth and of excellent visual quality. A photomicrograph.
Figure 7. shows the uniform columnar grzin structure typical for periodic reversal.

The only disadvantage to pericdic current reversal appears to be the longer deposition times
necessary to obtain a given electroform thickness. Ninety-three hours were required to deposit the
2,184 mm (0.086 inch) of buildup in Panel PR-4. The adjustment of the periodic current reversal
cycle to a longer forward plating time will increase the deposition rate - in fact. cycles up to 7:1 for
forward to reverse plating ratio have been suggested in the literature.

11
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TABLE IV
MECHANICAL PROPERTIES OF ACID COPPER SULFATE DEPOSITS
ELECTROFORMED WITHOUT PERIODIC CURRENT REVERSAL

Electrolyte: Copper Sulfate 187.5 g/, Sulfuric Acid 75 g/

Mechanical Properties
Current Specimen
Bath Density Thickness Utt. Strength Yield Strength

Panel | Temp. Elongation
No. °C A/te? A/dm? n. mm Kpst | MN/m2 | «Kpsi | NM/m? %in2in.

1 32.2 30 3.23 0.023 | 0.584 18.2 125.5 9.9 68.3 12

0.024 | 0610 | 217 149.6 8.5 58.6 1"

0.030 | 0.762 | 21.7 149.6 8.9 614 13

2 32.2 a5 4.84 0.032 | 0813 | 413 284 .8 19.7 135.8 29

0.027 | 0686 | 42.2 2910 | 20.1 138.6 26

0.025 | 0635 | 414 2855 | 204 140.7 29

3 322 45 484 0.099 | 2515 | 18.9 130.3 | 100 69.0 11

TABLE V

MECHANICAL PROPERTIES OF ACID COPPER SULFATE DEPOSITS

ELECTROFORMED WITH PERIODIC CURRENT REVERSAL

Electrolyte: Copper Sulfate 187.5 g/1.. Sulfuric Acid 75 g/1.

Mechanical Properties
Current Specimen >
Periodic 3ath Density Thickness Uit. Str. Yield Str.
Panel Current Temp. Elongation
No. Cycle °c A/t 2 A/dm n. mm Kpsi MN/m Kpsi MN/m %in 2in.
PR1 8 sec. ferward 3.2 30 3.23 0.031 0.787 35.1 242.0 124 855 36
4 sec. reverse 0.027 0.686 30.0 206.9 8.1 55.8 30
0.025 | 0.635 | 26.1 180.0 14.0 965 17 i
|
PR-2 8 sec. forward 3.2 45 484 0013 | 0483 447 308.2 205 1413 N !
4 sec. reverse c.019 0.483 55.1 379.9 256 1765 31
0017 | 0432 | 442 [3048 | 192 [i328 30 :
PR3 8 sec. farward 32.2 60 6.46 0036 | 0914 | 406 27199 16.7 1151 36
4 sec. reverse 0.035 | 0883 | 36.i 2489 149 102.7 39
0030 | 0.762 | 35.6 2455 126 869 38
PR4 8 sec. forward 322 60 6.46 0.086 2.184 315 258.6 17.3 193 35
4 sec. reverse

For subsequent work in this program. the periodic reverse cycle was changed trom a ratio of
2:1to 3:1 and 4:1 to reduce deposition time. The effects of this change were more severe on mech-
anical properties than expected. The grain structure was coarsened and Jower mechanical strength
wis obtained. Typical mechanical properties for the longer cathodic periodic reverse cveles are
shown in Table XIII.
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Microstructure of a thick copper electro-
deposit from the acid sulfate electrolyte using
no periodic current reversal. Note the fine
columnar grain in the imitial deposit layer.
The grair structure quickly coarsens and
vode or incluston areas may form to weaken
the structural properties. The deposit aver:
age thickness was about 2,515 mm (0.099
inch).

Panel 3
Current Density: 4.84 A/dm? (45 A/f1?)

Magnitication 32X

Figure 6. Microstructure of 4 Thick Electroformed Deposit from the Acid Sulfate Electrolyte Using

No Periodic Current Reversul
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Microstructure of a thick copper electro-
deposit from the acid sulfate electrolyte using
periodic current reversal at a cycle of 8 seconds
forward plate and 4 seconds reverse plate. The
deposit has a thickness of {(2.184 mm) 0.086
incih and contains a fine columnar grain struc-
ture, indicative of the good mechanical pro-
perties obtained.

Panel PR-4
Current Density: 6.46 A/dm* (60 Asft?)

Magnification 32X

Ficure 7. Microstructure of a Thick Flectroformed Deposit from the Acid Sultute blectrolvte Using

Periodic Current Reversal
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D. INVLSTIGATION OF ELECTRODEPOSITED NICKEL FROM THE SULFAMATE
NICKEL ELECTROLYTE

A conventional nickel sulfamate electrolyte containing no additives other than u small amount
of nickel chloride was used in this study. The facility i shown in Figure ¥. The bath volume was
681 31 ters (180 gallons). This particular selition had heen in continuous service for a penod ot at
least six years. N¢ weiiing agents are ever employed in the electrolyte. and the solution is continu-
ous'v carbon treated with sulfur-free granuiar carbon and filtered through 10 microm nominal poly-
piooylene filteis. An open pumping system capable of flowing 36K liters (15 gallons) per minute
agairst a rotating cathode (workpiece) surface is independent ot the filtration system. Elcctrolyte
tevel 1s maintained by automatic distilled water additions triggered by a pressure sensitive transducer
system mounted in the tank wall.

Operating at temperatures of 43.2 to S4.4°C (110 to 130°F) and current densities of 2.15
to 4.30 A/dm? (20 to 40 A/ft? ). this bath is analyzed only once per month for chemical composi-
tion. No additions to correct nickel metal content have been necessary in the past five years. Oc-
casionally. boric acid requires adjustment due to operation shut-downs when precipitation in the
filter chambers mav occur. Agine (hvdrolysis of sulfamate to form nickel sulfute) is corrected by
electrolyte treatment with barium sulfamate to precipitate barium sulfate which is removed by .5
micron filters in a separate operation. This need only be performed unce every two years. The bor-
jum sulfamate treatment is also used to remove excessive sulfate drag-in trom base meial activation
treatments where cathodic ireatment in sulfuric acid may be the {inal step.

Where possible. only sulfur depolarized nickel anodes are used. Frequent acidity (pH) mea-
surements are made (every three days of electrotorming) to determine if ¢lectrolyte performance is
normal. A slowly rising pH is indicative of good bath operation. No ris» in pH or a pH drop indicates
that a complete analysis - particularly for nickel metal - should be pertormed.

Once a bath has been “broken-in"". there should he no problem in maintenance. Titanium
baskets housing anode slugs or chips must be kept full. The nickel sulfamate bath is probabiy the
simplest bath to maintain and control for nickel electroforming. Maintairung the chloride content at
a low level. as opposed to using no chloride. does not appear to atford any disadvantage other than
promoting some residual stress in the dcposit. Even this is questionuble. providing the chlonde 1s
maintained sufficiently low (betow 4.5 g/1. or 0.6 oz/gallon ).

Test panels were electroformed over the range of current densities and electroiyte tempera-
tures considered normal for fabricating outer shells for regeneratively cooled thrust chambers. The
electrolyte analysis and operating conditions for the various panels are reported in Tahle Vi For
the electroforming conditions used. Panel 4 represents material which should have the higher residual
stress by virtue of the higher current density. The residual stress was 4.830 psi. tensile.

The mechanical property test results indicate good structurai properties are obtained over a
wide range of electrolyte temperature and current densities. A compurison of test results from Panels
2 and 3 indicated improved mechanical strength with satistuctory ductility could be obtained at lower
electrolyte temperatures. Punels produced at comparable eiectrolyte temperatures. but ditfering cur-
rent densities disclosed improved mechanical properties at the fower current density. Figure 9 shows
the typical fine columnar grain structure found in high strength nickel tfrom the suitumate electrolyte.
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TABLE VI
NICKEL SULFAMATE ELECTRODEPOSIT MECHANICAL PROPERTIES
AND ELECTROLYTE OPERATING CONDITIONS

Electrolyte Chemistry:

Nicke! Metal 9.28 oz/gal. (69.6 g/1.)
Nickel Chloride  0.48 oz/gal. (3.6 4/1)
Boric Acid 4 50 oz/gal. {33.759/1.)
oH 401044
| Mechanical Properties
Current Electrolyte Specimen
Density Temp. Thickness Utt. Strength Yield  Strength
Panel o o Elongation
No. | A | Aldm? | °C F in. mm | Kpsi | MN/m? Kpsi MN/m2 | %inlin,
1 20 2.15 51.7 125 }0.024 ]0.610 |105.1 7261 13.6 507.5 15
0.024 0610 1123 7743 779 537.1 14
2 30 323 50.6 123 10.030 }0.762 92.5 6378 61.5 4240 16
0.030 {0.762 96.7 666.7 53.3 408.9 17
3 30 323 43.3 110 [0.025 |0635 |103.8 7157 70.5 486.1 12
0.025 [0635 |1128 77164 75.2 520.7 14
4* 40 430 444 112 ]0.033 {0338 917.7 673.6 614 4234 10
0.033 |0.838 94.6 652.3 64.8 446.8 "

*Residual Stress: 4,850 psi (tensile) as determined by spiral contractometer

All elongation values for tested nickel specinens are reported in percent elongation inaone
inch gauge length. This is due to the size of the cylindrical specimens electroformed ior these tests.
Each fiat test bar was approximately 177.8 mm (7 inches) long. No shielding was used to minimize
edge buildup. Use of the standard two inch gauge length resulted in a length of sufficient thickness
variation to provide results misleading as to the true ductility of the metal. An example of u tested
flat bar showing the neck-do ¥n and angular shear line at failure is found in Figure 10.

E. EVALUATION OF CHANNEL FILLING COMPOUNDS

This investigation was conducted simultaneously with the bonding study discussed iatcr. Flat
plates 6.35 mm (0.25 inch) thick OFHC copper and Amzirc (a copper alloy containing up to 0.2 per-
cent by weight zirconium) were machined to produ:e coolant pussages and connecting manifolds
similar to those existing on actual regeneratively coo'cl thrust chamber liners.

Several commercially available waxes used as electroplating stop-offs or as recess filling com-
pounds were evaluated in the channels on the various test panels. It was found that Unichrome Com-
pound 314 was easily applied by melting at R5°C (185°F) and pouring it into the channels. The tewt
plate had been preheatzd to the same temy rature prior to pouring the wax. On cooling. the wan
was found to separate slightly from the sije walls of the channels. Prior experience with this was
indicated such separation on shrinkage of the compound would result in pin-holes in the overlying



Magnification 50X

Panel 4
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Magnification 100X

Panel 4

Typical Fine Columnar Grained Micro structare of Hieh Strength Nickel Sultamate

Electrodeposits

Figure 9.



Magnification 2X

A typical electroformed nickel tensile test bar showing localized neck-down and ductile failure after testing.

Magrification 6X

The above photograph illustrates the fracture surface of a typical electrofcrmed nickel tensile test bar after failure
in test. Although the elongation occurred over a locahized reqion, the fracture indicated excellent ductility.

Figure 10. Typical Electroformed Nickel Test Bars Atter Falure in Mechanical Property Tests
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electrodeposit along the channel side wiii - wax interface. This compound also softens substantially
at temperatures of about 51 77C ¢ 1 253°F), moking it u high risk matenal for use in copper pyrophos-
phate ~lectrolytes or nickel suitamaie solutions operated at higher temperatures.

Rigidax Compound W1 Light Blue was next evaluated. This material has received publicity
as a chaniel tilling compound by information releases through the electroforming trade literature.

The test plates were preheated to a temperature of about 63.0°C ¢ 150°F)on a hot plate. The
Rigidax W1 Light Blue was melted at 121.1°C (250°F) and poured into the channels. After cooling
to room temperature. the panels were placed under running water und scruped to remove 2xcess wax.
The final wax finish was brought dimensionally in line with the .ops of the bonding ribs of the plates
by scrubbing with a pad of ““Scotch-brite’ or by wet sunding with 160 to 220 grit papers.

Application of silver conductivizing powder to the waxed surface at room temperature proved
difficult because it was necéssary to burnish the material into the wax comr»ound to obtain adherence,
Figure 11. Warming the wax to temperatures of 48.9°C (120°F) or higher made the conductivizing
and burnishing much easier due to wax softening. After cleaning and activating the panel surfaces.
electroforming of a copper or nicke! close-out layer was accomplished.

These panels were machined to provide a uniform electroform thickness, the wax was re-
moved by melting and degreasing. and the panels were hydrostatically tested to failure. Of the first
three copper electroformed panels. two leaked through the electrodzposit. A similar experience was
encountered with the nickel electrotormed plates.

A new series of OFHC copper and Amzirc plates containing coolant chunnels were prepared.
After heating the plates. filling channels with Rigidax WI Light Blue. and removing excess wax. the
entire plate was reheated with a hot air blower (similar to a hair drying guni. Air bubbles were ob-
served to evolve from the wax subsurface. After the bubbles were dissipated. the wax surface was
reflowed to produce a sound material on which conductivizing and electrolorming could be conducted.

It was discovered-that the hand labor required to burnish silver powder into the wax surfuce
could be reduced by simply heating the waxed part to exactly the melt point of 65.6°C{150°F)in
an oven, fcllowed by painting the silver onto the wax with a camel hair brush, Figure 1 2. At this
temperature the wax does not flow and is very receptive to the conductivizing powder.

This wax and conductivizing procedure worked very well in all electrolytes used on this pro-
gram with the exception of the copper pyrophosj hate solution operated at 54.47C (130°F) or higher.
At this temperature. the Rigidax WI Light Blue soitened and the severe agitation wiashed the silver
away in localized areas.

A new compound. Rigidax WI HT i1-27 Red. was evaluated. This materiat was apphed to
several panels in the same manner as the Rigidax WI Light Blue. except the part prehieat temperature
was 79 10 93°C (175 to 200°F). the melt point was 101.1°C (214°F) and the pour temperature was
135 to 149°C (273 to 300°F). This material was tound to retain the conductivized laver under the
severe envirenment imposed by the copper pyrophosphate electrolyte

-
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F. SELLECTION OF CONDUCTIVIZING MEDIUM

One conductivizing material was investigated in this program. The material selected was a
fine silver powder. Engethaid G-3. The muteril is easy 1o apply. provides good clectrical conduct-
ivity. and is readily removed in dilute nitnic acid. Other materials ol sinulor composition, bronzing
powders. or fine copper powders should work equatly well. Removal of other powders after melting
channel fillers should be investigated betore use.

G. INVESTIG:ATION OF BONDING OF £LECTROFORM'=D COPPER TO OFHC COPPER
AND AMZIRC LINERS

The plan to evaluate processes and procedures for cleanig and activating copper and copper
zlloys for bonding with electrodeposited copper and nickel required the use of a specially designed
test plate containing machined channels and coanecting manifolds similar to those in actual regener-
atively cooled thrust chamber itners. The electrodeposited bonds were to be evaluated by hydro-
statically pressurizing until the bonded joint failed and the electroformed voverplate bulged. These
test plates (baseplates) were OFHC copper und Amzirc Figure 13 illustrates the panel design.

Prediction of the pressure required to tail a high integriny bond would require a knowledge
of the mechunicai properties of tiie metals composing the bonded joint. The mechanical properties
of the electroformed metals comprising the coverplates have previously been determined. it was
necessary to determine the mechanicai properties ot the OFHC copper and Amzirc baseplate stock.
Because of a crack flaw found in the first Amzire forging used to fabricate baseplates. a second forg-
ing v as used to complete this study. Any Amzirc panels ident fied as A-1 through A-10 are from the
firs. torging. while those identified as A-11 or higher. are from the second forging. Mechanical pro-
perty test results for each of the baseplate materials are shown in Table VII. The lower than expected
mechanical strength of the Amzire in the first forging was believed due to improper solution anneuling
and age 1ardening.

All baseplutes were degrezsed and alkaling scrub cleaned with a mixture of a fine pumice
scrubbing compound and @ commercial detergent cleaner. Alcanox. All baseplate thickness dimen-
sions were recorded as reterences for machining afier efectrotorming to assure a known coverpl..;e
(electrodeposit) thickness. The channels were filled with Rigidax Type WI Light Blue Compound as
sreviously described. The plates were preheated on a hot plu.e to 63.3 to 65.6°C (140 te 1507 F)
prior to wax pouring. After the wax was dressed to provide the desired surface uniformity. the pan-
els were bright dipped tor ten seconds in a room temperature solution of’

ASTM B281 Formulation Conceintration
Suifuric Acd. (3()° Be' 60 to 70 volume "/
Nitric Acid. 427 Be’ 20 to 35 volume 7%
Witer 5 to 10 volume
Hydrochloric Acid. 20° Be’ 9.94 g/l.

The panels were rinsed in distilled water atter bright dipping. After drying. the panels were coated
with stiver conductivizing powder over the waxed channels. This material was manually burnished
into the wax.

[
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Figure 13. Flat Panel Baseplate Design



TABLE VIl
MECHANICAL PROPERTIES OF OFHC COPPER AND AMZIRC
BASEPLATE STOCK FOR FLAT TEST PANELS

OFHC Copper - Cold rolled, light anneal per ASTM B-162, 0.635 mm (0.25 in.) thick

Mechanical Properties
Ult. Strength Yield Strength
’ Elongation
Chemistry Copper Oxygen Kpsi | MN/m- Kpsi MN/m? %in 20,
Required | 99.95 min 0.000 354 2443 28.0 193.2 47
Actual 99.99 0.000
Amzirc - Forged and selution annealed to commercial specification
Mechanical Properties I
Test Bar
Thickness Uit. Strength Yield Strength
; Elongation
Chemistry in. mm Kpsi | MN/m2| Kpsi | MN/m2] %in2in.
Lot A Copper 99.75 0255 | 6477 | 314 2165 1 253 1744 41
Zirconium .25 G.254 | 6.451% 321 2213 26.0 1793 39
0.254 | 6452 | 32.0 2206 | 25.0 1724 41
Lot B Copper 0254 | 6426 | 37! 2558 | 349 240.6 14
Zircorium 99.79 0.253 ; 6426 | 4C.9 2820 | 385 265.5 14
21 0.254 | 6.452 38.0 2620 | 34.2 2358 13
0255 | 6477 389 268.2 35.2 242.7 17

The first bonding procedure evaluated was the process used at Stanford University and
described by Pope {2]. Table VIII. OFHC copper baseplates C-1 and C-2 were anodically treated
in phosphoric acid solution and cathodically cleaned in sulfuric acid in accordance with Pope’s
recommendations. The panels were double rinsed in distilled water and placed in the acid copper
sulfate electrolyte with cathodic voltage applied. After a brief period of electroforming with direct
current at 6.46 A/dm? (60 A/ft?), periodic current reversal at the same current density was applied.
When the high current density activation treatment was applied in phosphoric acid. there appeared
to be some disturbance of the silver conductivizing layer and the adjacent copper surtaces were some-
what smutty in appearance.

OFHC copper panels C-3 and {4 were prepared in a like manner, except that the ancdic
treatment in phosphoric acid was performed at a current density of 2.69 A/dm? (25 A ft?)and the
time lengthened to 90 seconds in an effort to minimize disturbance of the silver conductivizing film.
The cathodic treatment in sulfuric acid was at the recommended current density. but the time was
increased to 120 seconds. These panels were double rinsed and electroforming started at a current
density of 4.84 A/dm? (45 A/ft?) before application of periodic current reversal at 6.36 A/dm?

(60 A/ft?). The copper sulfate electrolyte was maintained at 32.2°C (90°F) for all electroforming.
The electrodeposited copper was expected to have mechanical properties sirnilar to those of Specimen
PR-4 in Table V.

Two Amzirc baseplates, A-1 and A-2, were activated for bonding and electroformed cxactly
in the manner as Panels -3 and C4.



TABLE VIl
STANFORD UNIVERSITY PROCEDURE FOR BONDING
ELECTRODEPOSITED COPPER TO OFHC COPPER BASIS METALS(2)

1. Precleaning Treatment of Copper Components
3. Vapor degrease in trichlorgethyiene
b. Aikaline clean copper parts in Enthone No. 160 at 180 F {soak clean)
c. Water rinse
2. Electropolishing Treaiment
a. Composition of bath and operating conditions
Phosphoric acid 65 percent by volume
Water 35 percent by volume
Temperature Room
Cathodes Copper
Current Density 150 amps/tt’
Tire 40 seconds

b. Wite rinse
3. Cathodic Activation in Sulfuric Acid

a. Compaosition of bath and operati , conditions
Sulfuric acid, C.P. grade 20 percent by volume
Water 80 percent by volume
Temperatur: Room
Anodes Chemical lead
Current Density 100 amps/ft°
Time 15 seconds

b. Water rinse and inspect quickly fur water break

c. Water rinse

4 Electroforming

a. immerse in copper sulfate electrolyte composed of:
Copper sulfate, tech. grade 32 02/gal
Sulfuric acid, C.P. grade 10 oz/gal

b. Operating conditions
Temperature 9G°F
Current Density 40 amps/ft”
Agitation Cathode movement
Anodes Rolled annealed oval copper
Filtration Continuous with carbon treatment

To provide a bond evaluation comparison. a second method of bonding was imvestigated.
ASTM recommended practice B 281-58 [ 7] was modified to exclude any solutions containing nitnc
acid which would attack the silver conductivizing laver. OFHC Panes C-5 und Amzirc Panel A-3 were
solvent degreased . rinsed. and alkaline efectrocleaned cathodically for 2 minutes at a4 current density
of 3.23 A/dm? (30 A/ft?) and anodically for 10 seconds at the same current density. The electro-
cleaning solution contained 37.5 g/l. (5 oz/gal) of an alkaline compound made up of 45 percent by
weight sodium carbonate. 35 percent by weight trisodium phosphate. und 20 percent by weight
dium hydroxide. The solution temperature was maintained at 60 to 7 1. 1°C (140 to 160°F). The
baseplates were rinsed. dried. and waxed. The panels were heated prior to conductivizing to provide
improved silver adherence to the blue wax. Base metal activation was provided by immersing the
panels ir a ten percent by volume solution of sulfuric acid at room temperature for three minu.cs.
After double rinsing in distilled water. the panels were electroformed with copper in a like manner
as Panels (-3 and (4.



All of the above panels were machined 10 provide a uniform coverplate (electroformed) thick-
ness. The wax channel filling compound was removed by melting and solvent degreasing. Pressure
fitt'ng mounting holes were drilled in the panels and hydrostatic pressurizing to failure was conducted.
Figure 14 i'lustrates the panel channel pattern prior to clectrofornung. the panel fixtured for pressure
testing. and a bulged coverplate atter test.

The hydrostatic pressure at which joint fulure and bulgmg occurred tor each panel was
recorded. The tests were monitored by means o & -oustic emission equipment 1o verity when twilure
actually started and to analyze the emisston cliarac teristics of the vanous material combinations. Pro-
cedures used were as described in Ref. 3. The bond strength ot the eleciroformed coverplate and
baseplate combinations was determined trom the following tormula:

Ac

Where: S represents the bond or joint strength. Kpsi
P is the hydrostatic pressure required to fail the bond or joint, Kpsi
A, is the area of the electrodeposited coverplate over the pressurized channels, in?
A, is the area of the buseplate ribs to which the electrotormed bond is made, in?

It should be noted that when low angle buckling or bulging of the coverplate occurs prior to joint
failure. the value for the term A¢ will increase. For most electroformed copper coverplates in this
study. the increase in A¢ from permanent deformation over the entite channel and manifold areas
varied from 10 to 20 percent. A value of 10 percent has been selected as a correction factor in order
to conservatively calculate bond strengths for copper electroformed panels.

Table [X presents the destructive test data used to determine bond strengths for the initial
groups of panels fabricated in the bonding process development eftort. All of the bond sirengths
realized were below those expected in a high integrity bond. Figure 15 presents photomacrographs
of two typical bond failures from the above panels. Each panel appears tc have failed at the bond
interface. No correlation of ucoustic emission count and the material combinations used in this
group of panels could be made. Since all bonds were weak. a high level of emissions were recorded.

To improve the electroformed copper bonds on Amzirc substrates, two new innovations were
applied. Prior to silvering the wax filled channels. the high current density znodic treatment in phos-
phoric acid was applied to improve the Amzir: or OFHC copper substrate surfuce. This treatment
could be lengthened in time to several minutes or repeated as necessary until a suitably bright smooth
surface was obtained. After this treatment. the panels were rinsed. dried. and brought to the wax
melt point temperature in an oven. Applying the silver powder to the warm wax surface promoted
better film adhesion which was found to withstand further anodic treatment in phosphoric acid at
high current density.

Amzirc Panels A-10, A-11. and A-16 were processed in this manner using the anodic treat-
ment in phosphoric acid before and after conductivizing. Anodic treatment at 16.1A/dm* (150 A 11%)
did not degrade the conductivized layer on the wax. These panels were cathodically treated in sul-
furic acid. double rinsed in distilled water. and electroformed under the same conditions as the pre-
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Calculated Bond Strengih: 179 3 NM. m* (20.8 Kpsi)

97 9 MN m~ (14.2 Kpsi)

Calcutated Bond Sivongth:

This section of the failed area of Panel C-3
shows some plastic deformation of the OFHC
copper honding ribs. Some tearing of parent
metal in the failed joints is evident, but the
failure appears to be in the same plane as the
electroformed bondline. This ponel had the
best bond strength of all panels listed in Table
I1X.

Magnification 4X

Panel C-5 exhibited very poor bond strength
as evident by the lack of any visible deforma-
tion of the bonding ribs or any signs of tearing
of the electroformed copper coverplate.

Magnification 4X

Photomacrographs Hiustrating Bonds of Inferior Integrity
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vious panels. Destructive test results for these panels are shown in Table X. The bond strengths
were excellent. All failures occurred in the electroformed copper coverplates as is evident in Figure
lo.

Although it was possible to produce high integrity bonds ot electrotormed copper on OFHC
copper and Amzirc. it was expected that the test panels with these combinations would tais at hagher
destructive test pressures. It was concluded that since all copper-te pper bond tatlures occurred
ui the ends of bonding ribs, stress concentrations existed due to the cross-muanifold and tailure in the
clectroformed copper coverplate occurred. This may have int need the location of panel tuilures,
but it will be shown in Section VI, Electroforming and Tests. that the periodic current reversal cycle
emnployed actually reduced the mechanical strength of the ~lectroformed copper.

H. INVESTIGATION OF BONDING OF ELECTROFORMED NICKEL T® OFHC COPPER
AND AMZIRC LINERS

Similar studies were performed on OFHC and Amzirc baseplates using sulfamate nickel de-
posits as the coverplate material. Baseplate panels C-6 and A-4 were waxed and anodicelly treated in
phosphoric acid at a current density of 16.14 A/dm? (150 A/tt?) for sufficient time to obtain bright
and clean metal surfaces. Silver conductivizing was performed with the Rigidax wax warm to schicve
good film bonding. Activation for bonding was performed by dipr.ng the panels in 32 percent by
volume sulturic acid at room temperature for 3 minutes. This was followed by a double rinse in
distilled water, applying cathodic voltage to the panels, und immersing them in the nickel electrolyte.
Electzoforming was performed at a curreni density of 3.23 A/dm? (30 A/ft?) at a bath temperature
2 47.8°C (118°F). A plating stop and restart was intentionally introduced on these panels.

Panels A-17, A-18, and A-19 (Amzirc buseplates) were submitted to the double anodic treat-
meat in 65 percent by volume phosphoric acid. One of these treatments was before waxing. The
sibver was applied while the wox was warm. After the secor-l anodic phosphoric acid treatment. the
panels were made cathodic in sulfuric acid, double rinsed. ind electroformed at a nickel sulfamate
bath temperature of 44.4°C (112°F) and a current density of 2.14 A/dm? (20 A/ft?).

After machining the nickel electrceformed coverplates to a uniform thickness. the panels were
pressurized to failure. Resuits of testing for 2!l nickel electroformed panels are shown in Tuble Xi.
The bond strengths were excellent for both bonding processe. used for preparing copper alloy for
nickel electroform bonds. The modified Stanford procedure with two anodic treatment cycles in
phosphoric acid is preferred sirce the activated substrate can be maintained cathodic in going from
the subsequent sulfuric acid trectment to the electroforming bath. Figures 17 and 1% illustrate the
mode of failure of the high integrity nickel electroform bonds obtained in this study

I. SPECIAL TESTING FOR CRYOGENIC MECHANICAL PROPERTY DATA

Samples of several electroformed flat panels representing acid copper sulfate (without per-
iodic current reversal) acid copper sulfate (with periodic current reversal) and copper pyrophosphate
deposits were submitted to NASA's Lewis Reseuarch Center tor independent evaluation. Portions of
tirese panels underwent successful welding trials. Remuining portions were cryogenically tested at
liquid nitrogen and room temperatures to determine what changes would occur in mechanical pro-
perties. The test results are shown in Table XII.
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Section from failed area of Panel A-11 sho wviny
neck-down of Amzitc bonding rnib and farlure
of the electroformed copper coverplate over &
second bonding rit. This s indicative of a high
integrity bond.

Panej A-11 Magnification 4X

Panel A-11 Magnification 32X

F1iled joint showing the electroformed bond-
line unbroken. Electroformed copper cover-
plate tailed in shear.

Panel A-11 Magnification 32X
View of joint failure shrwing electroformed
bon-iline and tensile faiture in electroformed
copper shell {coverpiate}

Ficure 16. Hlustrations of the Failure Mode in High Integrity Flectroformed Bonds
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Panel C-6 failed at a pressure of 80.0 MN/m?*
(11,600 psi. The baseplate material is)

OFHC copper and the coverplate is electro-
formedt nickel  The use of 2 high current density
anodic treatment of the copper baseplate in
phosphoric acid prior to conductivizing the
waxed channels leads to a surfac~ - cry amen-
able to mak:ng high integrity bonds Note

the uniformity of tensile neck-down of the
boiiding ribs before they failed.

Panel C-6 Magnification 4X

The adjacent ghotomicrograph shows one of
the bondirg rios which “ailed in Uanel C-6

on destructive test:ng. 7 he hond shows no
evidenice of disturbance, This particular
specimen was preferantially ¢tched to dicplay
grain structuie i the conner Hbunding nibs.

Panei C-6 Magnification 32

Freure 17 Typical Failures in Copper - Copper Alloy Baseplates Bonded with Electroformed Nickel
Coverplates Using a Modification of the Stanford and ASTM Recommended Processes

35




Parcd A TB falod at 8C.O MN .'n: 111.60C DSI)
atactive et Note the varigtion i

Arasod bont g oo aodth cased by inaccur
poaes oy e by Beat trave ! waith respect to
the tempear e ased to tabricate these expert-
e nites e lates Thus discreoancy dhid not
copiedr T aTtert The test results Vi tarlures
e the Amzire tibs and notan the

et tormed bondbine

Pznet A 18 Aaoniticanion 4X

Magnitication 32X Panet A 17 Magnification 4X

Panel A 18

Panel A-17 taied at a pressure of 1055
MN < (15,300 psi). Faiiure occurred
in the Amzirc bonding ribs.

Magnified view ot an Amizac bondrg b
failure showing the etch derneated pondhine

mfailed.

Pioure TN Dopical Farlures v Nacked Coverplate - Sowire Bosoplate Plat Panels Blectrotorm

Bonded by the Modimed Stantord Unnersity Recommended Process
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V. ELECTROFORMING SPECIFICATIONS

Al GENERAL

The tollowing specitications represent detailed procedures and practices to be tollowed in
electrotorming nickel and copper outer shells on regencrutively cooled thrust chamber liners. Adher-
ence to the recommended processes and technigues will aid in the clectroforming of products ot high
structural integrity, reproducible mechanical properties, good thermal stability . and with high bond
rehiability.

The first specification controls the manner in which the copper or copper alloy chamber hiner
(substrate) is prepared for close-out of the coolant passages and activation of the surtaces for electro-
form bonding. The next three specifications govern the control and operatior: of the various electro-
forming solutions recommended for fabrication of the thrust chamber outer shell. These spectfications
include the mechanical property ranges which should be obtained from a properiy controlled nickel
or copper electrolyte containing no grain refining additives. The final specification controls post-
electroforming operations to remove residual materials such as channel fillers and conductivizing media
after machining the electroformed chamber shell to final dimensions.

These specifications can be modified or amended as new knowledge or improved techniques

are acquired. They are primarily intended to provide a guide for products me<ting an acceptable
standard.
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B. SPECIFICATION FOR PREPARING COPPER AND COPPER ALLOY REGENERATIVELY
COOLED THRUST CHAMBER LINERS (INNER SHELLS) FOR ELECTROFORMING

1. Scope

This specitication establishes the procedures to be tollowed iz preparing copper and
copper alloy thrust chamber liners (inner shells) for electroforming outer shells of copper
or nickel. The procedures include precleaning, fixturing, masking, deoxidizing. wax {ill-
ing of coolant passages, conductivizing of wax surfaces. and activation of expos2d metal
surfaces tor electroform bonding. Alternate techniques are provided to accommodate
various acceptable methods of cleaning and applying wax filling material. This is to
provide the clectroform supplier some degree of latitude in fabrication based on the
facilities available and the production factors of part complexity, size, and quaniity to be
produced.

2.  APPLICABLE DOCUMENTS AND MATERIALS

SPECIFICATIONS
ASTM B28! Recommended Practice tor Preparation of Copper
and Copper Base Alloys for Electroplating
MATERIALS
Trichlorethyienie. Stabilized.
Degreasing Grade Specitication MIL-T-7003
Nitric Acid, ACS Reagent Grade Commercial
Sulfuric Acid, ACS Reagent Grade Commercial
Hydrochloric Acid. ACS Reagent Gradc Commercial
Phosphoric Acid, ACS Reagent Grade Commercial
Sodium Carbonate, Technical Grade Commercial
Sodium Phosphate, Technical Grade Commercial
Sodium Hydroxide, Technical Grade Comimercial
Detergent Cleaning Compound, Alconox Alconox, Inc.

) Brand (or Equivalent) New York, NY 10003
Scrub Cleaning Compound, Th: Shipley Company
Shipley No. 11 (or Equivalent) Newton, Mass. 02162
Vinyl Plastisol Masking M&T Chemicals
Compound, Unichrome 218X Rahway. N.Y. 0,065

(or Equivalent)
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2.

3.1

APPLICABLE DOCUMENTS AND MATERIALS
MATERIALS (Continued)

Platers’ Tape. Scotch Branu 3M Compuny

No. 470 (or Lquivalent) St. Paul. Minn. 35110
Wax Stop-ott Compound, M&T Chemicals
Unichrome Compound 314 Rahway. N.J. 07065

(or Equivalent)

Channel Filling Compound, M. Argueso Company
Rigidax Tooling Compound WI Mamaroneck. NY 10544
Light Blue

Channel Filling Compound. M. Argueso Company
Rigidax Tooling Compound Wl Mamaroneck, NY 10544
HT11-27 Red

Silver Conductivizing Powder. Engethard Industries
Engelhard No. G-3 Newark, N.J. 07105
PVC Pipe Cement. “Weld-cn™ Industrial Polychemical
Brand (or Equivalent) Scrvice.

Gardena. Calit. 90247
PREPARATION FOK ELECTROFORMING PROCESS
DEGREASING CHAMBER LINER

Degreasing shall be accomplished to remove any oils or greases present from prior machin-
ing and handling operations A separate handling fixture - especially for large liners -
shall be designed and used which will allow free circulation of the degreasing medas over
all surfaces of the liner. This fixture shall be clean and free trom any coatings susceptible
to attack by the solvent. The fixture shall be atfixed in such manner that the liner is
protected from scratching or other damage during degreasing and transport. Any one of
the degreasing methods below may be used. A device such as that shown in Figure 19 is
recommended for large liners. Small liners may be placed vertically in a metal degreas-
ing basket.

3.1.1 VAPOR DEGREASING

Vapor degrease the liner in hot trichloroethane (trichloroethylene or perchloroethylence
are acceptable substitutes). The liner shall be suspended in the hot solvent vapors until

it reaches the sclvent temperature as noted by solvent ceasing to condense over the entire
surface of the part.
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Top Plate

End Plate Support
Shaft {(Threaded Ends)

Bottom Plate with
Holes for Degreasing
and Cleaning Solution

Lock Nut
Flow Through

(Each End)

Figure 19. Typical Liner Fixture for Degreasing. Cleaning and Handling Operations
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3.1.2

COLD OR WARM SOLVENT DEGREASING

Immerse the liner in a tank of cold or warm tiichlorocthane tor trichioroethy lene or
perchlorocthylene) tor that time necessary to remove all visible truces of oil or grease.
Replace the cold or warm solvent as soon as an ot color begins to oceur to prevent re-
contannnation of subsequently degreased parts.

3.1.3 EMULSION CLEANING

3.2

Place the liner in a tank filted with an emulsion cleaning tormulation tor the time and
temperature recommendced by the supplier ot the cleaner. This shail be tollowed by u
thorough rinse with water to remove any cleaner drag-out residucs,

ALKALINE OR DETERGENT PRECLEAN

Either electrolytic alkaline or do cergent scrub cleaning skl be used to remove dirt or
other foreign matter from the surface of the chamber liner. This shall be accomplished
prior to affixing the lincr to the electroforming fixture since it is later necessary to mask
the inside surfaces of the liner.

3.2.1 ELECTROLYTIC ALKALINE CLEANING

The handling fixture used tor degreasing is satistactory tor the alkaline cleaning operation
if it provides good electrical contact to the chamber liner. Smuall parts can be electrolv -
cally cleaned in shallow baskets. Carbon stecl, titanium. or stainless steel may be used

as the fixture or basket construction material,

A recommended electrocteaner per ASTM B281 is made tron: salts mixed in the following
proportions:

Weight Percent®

Sodium Carbonate (Na, CO;) 40 to 50

Trisodium Phosphate (Nuy PO, - 251040
12 H.O)

Sodium Hvdroxide (NaOH) 10 to 25

Surface Active Agent 1 approx.

(e.g.. Sodium Lauryl Sultate)

*Ingredients adjusted to give 100 percent. This mixture is used in
a solution concentration ot 30 to 45/1(4 to 6 oz./gal.). Operating
temperature shall be 60 to 71°C (140 to 160°F°). The workpicce
(chamber liner) is made the cathode and electrocleaned at 2.15 to
223 Amp/dm? (20 to 30 Amp/1t?) of surtace area for 2 to 3
minutes. The part is then made anodic and cieaned tor S to 10
seconds at the same current density.




Proprietary commercial Ziectrocleaners may be used tor this operation provided the
manutacturer’s dire. tons tor copper cleaning are caretully folowed.

3.2.2 SCRUB CLEANING METHOD

The advantage of this technigue is that no spevial fixturing is required to pertorm the
operation. The chamber liner shall be positioned on u wash table, taking care not to
damage or scratch the pari. A detergent powder such as Alconox shall be mixed with an
equal part of a fine pumice scrubbing compound such as Shipley Scrub Cleaner No. 11,
This mixture is wetted to form a soft paste. Using 4 firm bristle brush (wire brushes not
permitted). apply the paste to the purt and thoroughly scrub all surtaces. Rinse the
cleaned suriaces with running water or pour clean water over the surfaces uatil all signs
of detergent and scrubbing compoeund are remosed. Water should break evenly trom all
surfaces after rinsing it proper cleaning has been performed.

The liner shall be oven dried at 100 to 121°C (212 to 250°F). An alternate method of
drying with pressurized clean dry nitrogen or oil free. filtered air is permitted.

3.3 THE ELECTROFORMING FIXTURE

This device serves to support the chamber liner, provides an electrical pathway trom the
liner to the DC power supply. and imparts rotation to the workpiece to assure uniform
exposure of all electroformed surfaces to the anodes. A representative device is shown
schematically in Figure 20.

The fixture shall be coated to protect all surfaces in contact with the electrotforming
solution. This coating shall extend onto the rotating shatft to a distance of at least 15 ¢m.
(approximately 6 inches) above the clectrolyte level.

Vinyl plastisol masking compounds provide the most satistactory semi-permanent coat-
ings for the electrotorming fixture due to the excellent chemical resistance ot these
materials to alkaline or acid electrolyies over a wide temperature range. Unichrome
Compound 218X is a representative example ot such meterial. The surtace to be coated
shall be primed and the coating applicd in accordance with the manutacturer’s directions.
The coating shall be trimmed away on surfaces making =lectrical coniact with the chamber
liner. These exposed surfaces shall be completely clean of any clectyically resistive film.

34 OXIDE REMOVAL FROM I INER SURFACES

This operation shalil only be performed when visible oxides or tarmzh are present on the
exterior surfaces of the copper or copper alloy liner. It is normally used to restore a
chemically clean condition to the liner when atmospheric oxidation or tarmish has occur-
red due to a delay between precleaning and wax filling of the channels.

Affix the liner to the masked electroforming fixture and immerse into a copper bright
dipping solution. The immersion time and solution temperature for this operation shall
not be exceeded. Either of the tollowing two solutions (operated as described) may be
used:

T ) y



Speed Reduction

// Gear Drive

—
/ Flexible Shaft

Coupling (1nsulated)

Variable Speed
dc Drive Motor

Thrust Bearing / Shaft Collar
Bearing

Block

Shaft Electrical Pick-up

Fingers {Copper) \ Mercury Pool
Mercury Well
/ %:: 1 {Low Carbon Steel}
Electrical

Connection (-)

/— Shaft Bearing
% /— Bearing Support Block

'« ———— Threaded Shaf+
Attachment Joint

/ Rotating Shaft
{Copper)
{ ]
Liner

Figure 20. A Representative Electroforming Fixture and Rotating System
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Concentration

ASTM B281 Formulation

Sulturic Acid. 66 Be’ 60 to 75 volume
Nitric Acid. 42° Be' 20 to 35 volume 7
Water 5to 10 volume -
Hydrochloric Acid, 20° Be’ 9.94 ¢/l (1/8 ozjgal)
Temperature Room

Time 5 to 10 seconds

Metal Finishing Guidebook Formulation

Sulfuric Acid 44 volume 7

Nitric Acid 22 volume 7

Water 33 volume %
Hydroch!loric Acid I volume %
Temperature Room

Time 20 seconds maximum

Immediately dip the fixture with ’iner into an acid neutralizing tank containing mildly
alkaline water at room temperaturc. This shall be foliowed by a soak in a clean, room
temperature water rinse tank.

CHANNEL FILLING AND LINER MASKINC:

The liner coolant nassages shall be filled with a wax suitable for conduciivizing to close
out the channels during electroforming. The wax may be applicd by dipping the lirer in
a tank of molten wax. by pouring the wax onto the liner exterior. or by pour casting
using a split mold placed around the liner. The wax employed shall have excellent bond-
ing capability to the side walls of the coolant passages to prevent shrinkage separation
which leads to improper channel cross-sectional structure and porosity.

Rigidax Tooling Compound WI Light Blue (M. Argueso Company) shall be used to till
the coolant passages. This matcrial is suitable for exposure to electrolyte temperaiures
of 49°C (120°F) or lower for that period of time required to complete closure of the
coolant passages during electroforming. It maintains excellent adhesion at «wmperatures
required for nickel sulfamate, and copper sulfate electroforming. It shall not be used as
an interior or exterior liner surface maskant (stop-off) due to potential leaching of the
adhesive material from the wax.

For pyrophosphate copper electroforming. the recommended channel filling compound
is Rigidax Type WI HT 11-27 Red. The conductivizing media will adhere better to this

compound than to the Type WI Light Blue under the severe conditions of agitation and

temperature required in the pyrophosphate electrolyte. TIce of this material as a surface
maskant (stop-off) has not been evaluated.
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3.5.1 CHANNEL FILLING PROCEDURES

The fixtured hner shall be dry betore applyine any wax to the coolant channels. Drving
shall be accomplished as described under para. 3.2.2. Any ot the tollowing techmgues
mnay be used to apply the Rigidax Tooling Compound W1 Licht Blue or HT i1-27 Red

3.5.1.1 DIP METHOD

This is the least preferred method of wax application due to the fact that wax will coat
the fixture and surfaces of the liner where electroforming is not raquired. 1t not removed.
the material may lose some of the adhesive qualities through leaching by the electrolyte
during long electrotorming periods. This is especially true for electroforming in the
copper pyrophosphate solution.

It dipping must be used, the wax not essential to coolant passage closure (i.e.. all wax
subject to prolonged contact with the clectrolyte) shall be removed. This is best ac-
complished by use of a hot knife and solvent wiping with trichlorocthylene. The wax 1,
aprlied by immersing the liner in a tank of the molten wax at approximately 121°C
(250°F) and allowing the 1ot to reach the temperature of the wax. The part is with-
drawn and allowed to air cool until no further wax run-oft s observed. While still warm.
the part is again immersed for a shorter period of time to add wax to the first layer. This
process is repeated until the desired thickness is achieved. The coating shall be allowed
to cool to room temperature before trimming to final dimensions as described in para.
3.5.i.2. Inspection and localized repair of the waxed channels shall be made as noted in
para. 3.5.1.2.

3.5.1.2 POUR METHOD

The liner. mounted on the electrotorming tixture, shall be placed ina horizontal position
on a cradle or mounted in a conventional lathe to allew rotation during the pouring
process. The liner exterior shall be heated to a temperature of 60 to 72.5°C (140 to
160°F) using heating famps or a hot air dryer. The Rigidax wax, previously heated until
melted. shall be poured over the external surface of the liner while rotating at a very

slow speed. Stow rotation shall be maintained while the wax is cooling. Once the wax

is cool. the rotation is stopped. and the wax inspected for adequate fitling of the channels
(and adjoining manifolds. where applicable). The process is repeated as necessary to
build-up the wix coating. [t is suggested thata plater's masking tape (such as Scotch
Brand No. 470, or equivalent) be applied to areas outside of the channel (or channel-
manifold area) to facilitate removal of excess Rigidax which may run out into these
regions.

The liner and wax is allowed to cool to room temperature betore removing the excess
channel filling material. A hot knife such as shown in Figure 21 shall be used to remove
the excess wax. The blade of this knife shall not have a sharp cdge. It shall have a wax
trimming edge which is contoured to the outside radius of the chamber iiner. The cor-
ners of the blade shall be rounded to prevent damage to the coolant Lands (ribs). Several
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blades of diftering radii shall be used as necossary die 1o vary e shape ot the chamber
liner. The blade is best constructed of brass or i sott muterial which will not scrateh the
hner surtaces.

The hot knife shali be stroked with moderate pressuic i o direction parallel to the cool-
ant lands of the line:. The knite shall not dwell at any spot on the liner sinee it is onh
desired 1o meht and remove excess wax by controlled. locatized heat.

After excess way is removed. the surface of the liner shail be tinshed to proy ide 4 smooth.
continuous surface of wax and exposed liner metal to meet design drmensional require-
ments. If possible a radius shall be maintained in the wix surtace corresponding with

that of the liner exterior.

Wax finishing shali be accompiished oy wet sunding with tine grit papers. During this
operation the wax shall be maintained in a hard state by running cold water over the
liner surfave  This will help remove abrasive particles and wax during the sanding. Wet
sand papers shall have a grit range of 160 to 320. the fater being used tor tinish sanding.
The part may be rotated at low speed during sanding. provided 4 vold water ilow s
maintained on the surface. Care shall be taken to prevent unnecessary removal of metal
from the channel ribs as wax is sanded away. Localized spots of the wax remainine on
channel ribs shall be removed by caretul scraping with the edge ot a smooth picce of
acrylic sheet such as Plexiglas (a picce of hard rubber or Tetlon will work equally weth.

The liner surface shall be maintaiaed ¢vol with cold tap water and cleaned by scrubbing
with a firm bristle brush and a detergent cleaner such as Alconox. Do not use puimice
cleaning compounds which may imbed in the wax. Inspect the hiner surface under ut
feast 7X magnification for removal of wax tfrom all surfaces reeuiring aa clectrotorm
bond. Do not solvent wipe with trichlorocthylene or other cidormated solvents to re-
move traces of wax from the channel or manitold arcas since these solvents will attack the
wax and adhesive ingredients.

The finished exterior surfaces of the liner shall be mspected for subsurtace air bubbles
in the wux‘which might open and cause pits or porosity during clectrotorming. Heat
the liner surface to a temperature of the melt point of 63.57C (1307F ) in the case of
Rigidax Type WI Light Blue or 161°C (214°F) tor Rigidux Type WEHT 11-27 Red.
This can be done by heating with a hot air dryer or placing the liner in a controtled
temperature oven. Atfter the liner reaches this temperature, inspect the wax surtaces
for bubble evolution. Repair any wax defects by melting wax ona spatula or hot knife
blade and flowing it over the defect. Repeat the scruping. sunding, and cleaning steps
as necessary 1o assure i sound. dimensionaily aceuiai? woved surface.

3.5.1.3 CASTING METHOD
The coolant channels may be filled -, casting Rigidax WI Light Blue Compound or

Rigidax WI Red Compound in a split mold placed around the finer. The liner and mold
should be prz-heated to at least 65 5°C (1507F) for the hght blue compound or 93 C
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{200°F) for the red compound prior to wax pouring. The mold should be coated with a
mold release compound or made from a materiat which will not adhere to the wax upon
cooling. Such materials shall be evaluated independently prior to use.

After casting and cooling, the wax filled chunnels should be finished to the required
surface dimensions ot the liner as described under the pour method (para. 3.5.1.2). In-
spection of sub-surface porosity in the wax should be made as previously described.

3.5.1.4 LINER MASKING PROCEDURE

3.6

The iaterior and exterior surfaces of the hiner not subject to electrodeposit coverage
shall be masked prior to anodic treatment an! conductivizing. This step may be per-
formed prior to filling the channels with wax only when the masking media will not
degrade when heated to the temperatures required to fill the coolant passages. The liner
<hall be removed from the electroforming (rotation) tixture prior to internal masking.

Any of a number of commercially available masking compounds are acceptable if they
are demonstratzd to resist attack from the electrolyte at the electroforming temperature
and can be removed without ditficulty. Special caution shall be exercised in selection of
such maskarts for use in hot copper pyrophosphate solutions due to the high electrolyte
agitation requirerents and the possibility of maskant peeling. Plater’s tape. such as
Scotch Brand No. 470 (or equivalent), may be applied over surfaces to be masked.
followed by painting with a melted stop-off wax such as Unichrome 314 (or equivalent).
This system is limited to use with low electrolyte temperatures of 48.9°C (120°F) or less.

A most satisfactory masking system which will withstand acid copper sultate. nickel
wllamate. and pyrophosphate copper at temperatures to 57°C (135°F) is the use of
polyvvinyl chloride pipe cement. The compound can be painted on clean metal surfaces
and allowed to cure at room temperature over a 24 heur period. It can be removed by
peeling or heating to 82°C (180°F) or higher which shrinks the masking and breaks tue
fitm adhesion. For localized removal, the polyvinyl chloride film can be attacked by
metitvlene chloride and scraped off with a plastic tool. Care shall be taken to protect
the ateas filled with the channel filling compound during masking operations.

The Liner shall be detergent scrub cleaned to remove any maskant particles or other
contamination and then remounted on the electroforming fixture (rotation shatt).

ANODIC TREATMENTS (ELECTROPOLISH)

The liner shall be anodically treated in a phosphoric acid solution to chemically remove
the chin cold worked layer on the surfaces to receive a bond during electroforming. This
step shull be performed prior to conductivizing the wax filled passages in order to mini-

mize conductivizing media reimoval at the high curreat density required.

The solution to bz ewaployed and operating conditions are as fellows:
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Phosphoric Acid, C.P. Grade 60 to 70 volume %

Water, Distilled 30 to 40 volume 77

Temperature Room

Current Density Amp/dm? 15.1to17.2
Amp/l't2 (140 to 160)

Time. Minutes Jtos

Anode Chamber Liner

Cathodes Copper

The liner shall be rotated and the anodic treatment bath shall be large enough to prevent
temperature changes in excess of 5.5°C (10°F) during the anodic treatment.

The liner shall be thoroughly rinsed with clean cool or cold tap water and final rinsed in
distilled water. All exposed liner metallic surfaces shall be bright and clean when visually
inspected. Any areas not bright shall be examined for contamination at 7X magnification.
Recleaning shall be performed by detergent scrub cleaning and thorough double rinsing.

i inspection indicates contamination. A uniform water break (water break tests) after
rinsing may be used as an aid in detecting contamination.

CONDUCTIVIZING

The clean. drv liver mounted on tae electroforming shaft shall be placed in a fixture
suitable for rotation in the horizontal position. This arca shall be protected as well as
possible from airborne contamination. The liner surface shall oe heated to 65.5°C
(150°F) when Rigidax WI Light Blue Compound is used to fill the channels or 101°C
1214°F) when the Rigidux WI HT 11-27 Red Compound is employed in order to allow
the filler surface to accent the conductivizing powder. This is best accomplished by
heating in an oven carefully controlled by means of a thermocouple touching the liner
surface. When the required temperature (controlled to * 1.1°C or (+ 2°F)) 1s attained.
the temperature shall be held tor at least 45 minutes to assure tiat the entire chamber
liner is thermally stable.

Romove the chamber liner from the oven and imme liately start tne application of the
conductivizing powder to the waxed channels. Using a soft camel hair brush (or a similar
soft bristle bursh) the conductivizing powder shall be ap plied to the wax filled recesses
where electroforming of the chamber shell will be made.

The conductivizing media shall be a fine silver powder such as Engelhard G-3, or equiva-
lent. Fine copper powder ca2n be used providing it can be demonstrated that loose powder
removal is ackiev=d in the final channel cleaniig process after electroforming. Graphite
powder is not recominended due to the difficulty of removal by chemical means without
jeopardizing chiannel dimensions.

After the ~onductivizing media is applied. the liner with waxed channcis is allowed to
cool to room: temperature. Using monofilament nylon gloves or polyethylene disposable
gloves, the silver shall be lightly hand rubbed to remove excess silver powder and produce
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a bright smooth conductive layer having good adherence to the wax. Additional con-
ductivizing powder shall be applivd by brush and rubbed by gloved hand into the wax
as needed (after reheating the part and wax).

Excess conductivizing powder shall be brushed off the wax. The liner surtace shall be
detergent cleaned at room temperature using a >oft brush to remove the bulk of the re-
maining ¢xcess conductivizing media. A properly applicd conductivizing layer will with-
stand this treatment. Rinse the conductivized hiner in clean distiiled water at room
temperature.

ACTIVATION OF LINER SURFACES FOR ELECTROFORMING

Tie conductivized liner. attached to ih eicciroforming fixture. shall be uncdicaily treated
in a phosphoric acid solution and cathodically treated in a sulfuric acid solution to assure
no conductivizing media contaminates the finer surfaces to receive the bond of the elec-
troform shell.

The anodi. treatment is performed in thic same phosphoric acid solution used in para. 3.6.
All operating conditions are identical except that the time shall be 90 to 120 seconds.

The anodic treatment shall be followed by a room temperature clean water rinse to remove
all phosphoric acid drag-out.

The cathodic treatment shall be made in the following solution at the conditions specified:

Sulfuric Acid. C.P. Grade 20 to 20 vol. %
Water 70 to 80 vol. 7
Temperature Rooin
Anodes Chemical Lead
Cathode Chamber Liner
Time 15 to 60 seconds
Cathode Rotation 6to 12 mipm
Current Density, Amp/dm?* 108t012.9
~mp/ft? (100 to 120)

For complex shaped liners, the chemical lead anodes shall be conformal to insure uniform
cathode current density.

A schematic diagram ot the activation process is shown in Figure 22.
A liner shall be immediately transterred to the first of two room temperature water finses
for a period of 15 to 30 seconds. Rotate the part to assure thorough rinsing ot interior

surfaces around the fixture. All sulfuric acid shall be removed.

Transfer the liner to the second water rins® which shall be room temperature distilled or
at least 500.000 ohm resistance demineralized water. During the transfer. inspect the
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tirst rinse for a satistactory water break (uniform water run-oft). Also. inspect for com-
plete coverage of the conductivizing media as noted by visibility of the blue or red channel
wax. If not satisfactory. reclean and conductivize until a satisfactory run-off is noted.
Rinse for i0 1o 20 seconds in the distilled water.

Apply a Tow cathodic voltage to the liner (only the negative lead to the rectifier is used:

the other lead being connected to the plating tank anodes). Transter quickly to the elec-
trolyie keeping the current low (roughly fitty percent of that regiired in the electroforming
operation). Start the rotation of the chamber liner. After 2 to 3 minutes, adjust the cur-
rent to the required operating level. This is to minimize high current density “burning” of
copper or copper allovs near masked edges upon entry into the electrolyte.

It periodic reverse electroforming of copper is being employed. do not start the reversal
cycles until at least 20 minutes of forward clectrodeposition has occurred. Orherwise, re-
moval ot conductivizing media (particularly, silver at high current densities) may occur.




SPECIFICATION FOR NICKEL ELECTROFORMING OF OUTER SHELLS OF
REGENERATIVELY CGOLED THRUST CHAMBERS FROM THE NICKEL SULIAMATE
ELECTROLYTE

SCOPE

This specification establishes the procedures to be used in electrotforming the outer shells
of regeneratively cooled thrust chumbers from nickel as deposited from the nickel sulia-
mate electrolyte. The nickel sulfamate electrolyte is particularly suited to electroforming
outer nickel shells on thrust chamber lirers by virtue of the excellent combinations of
mechanical strength and ductility possible with this electrolyte and the low deposit stress
levels that can be maintained. A fine fibrous columnar grain microstructure can be main-
tained which is indicative of high mechanical strength in deposits from this solution.

APPLICABLE DOCUMENTS AND MATERIALS

SPECIFICATIONS

ASTM B-503

COMMERCIAL LITERATURE

Barrett Sulfamate Nickel Plating
Process. Type SN

Sheet No. P-Ni-Sn. M&T
Sulfamate Nickel Plating
Process

MATERIALS

Nickel Sulfamate Concentrate.
Plating Grade

Nickel Chloride
ACS Reagent Grade *

Boric Acid
ACS Reagent Grade *

Sulfamic Acid
ACS Reagent Grade *

Nickel Carbonate
ACS Reagent Grade *

54

Recommended Practice for Use of
Copper and Nickel Electroplating
Solutions for Electroforming.

Allied-Kelite Division The Richardson
Company Des Plaines, Illinois 60018

M&T Chemicals Inc.

Rahway. New Jersey 07065

Commercial

Commenrcial

Commercial

Commercial

Commercial
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3.3

Carbon. Granular. Commercial
Plating Grade. Sultur Free

Suliur Depolarized Nickel Commercial
Anode Slugs or Chips

*Electrolyte purification required it lower grade chemicals are used.

ELECTROFORMING EQUIPMENT REQUIREMENTS
TANKS

Nickel sulfamate electroforming tanks shall be made from a non-reactive materiai such

as sulfur-free rubber, plastisol or plastic lined steel. fiberglass, glass, or polypropylene. The
tank shall be of sufficient size to allow at least an eight inch clearance between the anodes
and cathode (workpiece). Suitable clearance for heaters and recirculation pipes to the
pumping and filtering systems shall be available.

New tanks shall be leached with a two to four percent by weight solution of sulfamic acid
for at least twelve hours to remove organic muterials which are harmful to the electrolyte.
A small amount of a wetting agent compatible with nickel sulfamate solution may be
added to the tank leaching solution. Atfier removal of the leaching solution, the tank
shall be rinsed and drained.

A liquid level controlling device is recommended on the tank. This device may be made
to sound an alarm or automatically add distilled make-up water to maintain electrolyte
level.

TEMPERATURE CONTROLS AND HEATING EQUIPMENT

Heating equipment shall be capable of maintaining an electrolvte temperature in the
range of 43.5t0 51.5°C (110 to 125°F). Temperature contiol capahility shall be within
+1.7°C (£3°F). Heaters shall be composed of Karbate steam coils. quuartz immersion
heaters. or nickel. Karbate, Pyrex. or Duriron external heat exchangers. Sutficient
electrolyte agitation shall be used to prevent localized heating of the solution to 71°C
(160°F) or higher which leads to hvdrolvsis of the sullamate ion into ammonium and
sulfate ions.

Heater guards exposed to the electrolyte shall be plastisol couted or of 4 material which
is compatible with the electrolvie.

AGITATION

Air agitation to circulate the electrolyte and dislodge hy drogen bubbles trom the cathode
(workpicce) surfuce is not recommended.  Air agitation sutfers several disadvantages in
nickel sulfamate electroforming in that:
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a.  Particulate matter at the bottom of the tank becomes agitated and may cedeposit
with nickel at the cathode.

b.  Anode sludge in the anode bags may be dislodged and lead to deposit roughness.

¢ Air agitation is ineffective in providing electrolyte circulution in recesses at the
cathode (i.e., the nozzle area on regeneratively cooled thrust chambers)

Rotation of the cathode shall be used to ensure unitorm exposure of all surfaces to the
anodes. Cathode rotation is not an effective means of electroly te agitation since complex
cathode shapes will result in regions of diftering peripheral velocities.

Forced pumping of the electrolyte through spray nozzles shall be used as the primary
method of electrolyte agitation. Thess sprays shall be oriented to impinge electrolyte
directly onto the cathode surface as shown in Figure 23. To assure effective removal of
hydrogen bubbles at the cathode surface. the speed of cathode rotation shall be slow -
preferably in the range of five to ten revolutions per minute.

The arez and shape of the chamber liner on which deposition is being performed shall
dictate the number and placement of electrolyte sprays. More than one pump and spray
system may be required on large cathodes. Open pumping (no in-linc filter) may be
employed it the electroforming tacility is equipped with an independent filtering system
of adequate capacity.

If shielding is employed to locally control the deposition rate on the cathode, care shali
be exercised to prevent any obstruction to the spray impingement. Figure 23.
The spray system materials of construction shall be inert to the nickel sulfamate electro-
lyte. Metal spray heads are not recommended since they may react as bi-polar anodes und
lead to impurities in the deposit. Polyvinyl chloride piping and pipe caps are suitable. The
pipe caps shall be drilled or slotted to produce the desired electrolyte spray pattern.

Conventional air agitation piping may be usced to provide general solution circulation in
the region of the heaters. The air used must be filtered and oil-tree. It shall not directly
impinge on the anodes.

FILTRATION

The nickel sulfamate electrolyte shall be continuously filtered. The filtration rate shall
at least be cquivalent to one tank volume per hour - two volumes per hour is preterred.
The filter housing and filter material shall be compatible with nickel sulfamate solution.
Cartridge filters shall be rated at 10 microns nominal or finer. Recommended filter cart-
ridee materials are Dynel and polypropylene. Since new filters and filter cartridges may
contain extractable substances. they shall be leached with a sulfamic acid solution for at
least 24 hours before using.
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The nickel sulfamate electrolyte shall be continuously filtered for at least 24 hours before
the start of electroforming operations. The inlet and outlet lines of the tilter system shall
be on opposite sides of the electroforming tank to assure optimum circulation and filtra-
tion of the entire electrolyte.

CURRENT SOURCE AND CONTROL

A standard D.C. plating <« ~ply of 12 volts maximum rating is generally satisfactory.
Ripple should be held to 5 percent or under. 1t is also advisable to have a manual re-
start switch installed which will not allow the rectifier to automatically resume electro-
forming after a power failure. The 12 volt limit is necessary to prevent anodic attack on
titanium anode Faskets. If higher voltages are necessary the titanium anode baskets
should be protected by coating and making electrical contact to anode chips by meuans of
nickel rods inserted into the chips.

The current output for the voltage capacity of the power source should be greater than
that required to achieve a current density of 3.24 Amp/dm? (30 Amp/ft?) for the largest
parts to be electroformed.

In event of a power failure. the part being electroformed shall be removed from the nickel
sulfamate solution. rinsed, and reactivated for nickel to nickel bonding. This is performed

in separate anodic and cathodic treatments with an intermediate rinse:

a. Anodic Treatment

Sulfuric Acid, C.P. Grade 20 to 30 Vol. 7
Water 70 to 80 Vol. 7
Temperature Room

Anode Thrust Chamber
Cathode Chemical Lead
Time 2 to 5 Minutes
Cathode Rotation 2to 12 rpm

Current Density (Anode). Amp/dm? (Amp/ft?) 5.4 to 10.8 (50 to 100)

NOTE: A 60 to 70 volume percent phosphoric acid sclution may be used in piace
of sulfuric acid. The anodic current density is i5.1 to 17.2 Amp/dm? (140 to 160
Amp/ft? ) and the bath is at room temperature. Do not anodically treat copper
and nickel in the same acid bath - use separate baths.

b. Rinse
Room temperature water (to remove anodic bath drag-out).

c. Cathodic Treatment

Use a separate sulfuric acid bath identical in composition to that for the anodic
treatmen:. The chamber liner shall be made cathodic at 10.8to 12.9 Amp dm? (100 to




120 Amp/ft?). The part shall be rotated at 6 to 12 rpm. After cathodic activation.
the part shall be removed with cathodic voltage (2 volts minimum appiied. allowed
to drain (no longer than 30 scconds). and transterred nto the nickel clectroforming
solution.

NOTE: The power source tor electroforming shall have the manual restart switch
depressed before hand so that no delay will occur in applying plating current te the
thrust chamber.

ANODES

Sulfur depolarized (SD) nickel chips shall be the only anode material normally permitted.
Such anode material will dissolve satisfactorily at low levels of chloride in the electrolyte
or when no chloride is present. Under special circumstances rolled depolarized nickel
anodes may be used where conformal anodes are essential. When such are used, it is
necessary to have sufficient chloride present in the electrolyte to permit proper anodic
dissolution of the anode material. Since it is necessary to keep the nickel chloride con-
centration below 4.5g/1 (0.6 oz/gal) to minimize residual stress in the deposits. the selec-
tion of any anode material other than sulfur depolarized should be cautiously considered.

All nickel anodes shall be bagged to prevent sludge from entering the electrolyte. Anode
bags sha!ll be Dynel. polypropylene or cotton duck. All bags shall be leached for at least
74 hours in a four to five percent by weight solution of sulfamic acid prior to exposure
to the nickel sulifamate electrolyte.

A periodic check of the level of SD nichel chips in the titanium anode baskets should be
made. An examination of the chip level should be made at least every four days of de-
position opeiations. New chis sihould be added to bring anode material above the
electrolyte level.

ELECTROLYTE MAKE-UP

The new electrolyte should be prepared in a storage tank which has been carefully
leached and cleaned to assure removal of dirt. grease. and any sther contaminants. A
four to five percent by weight solution of sulfamic acid or sulfuric acid may be used tor
leaching if followed by a thorough water rinse.

The concentrate of nickel sulfamate is usually supplied with a nickel metal content of
150 g/1 (20 oz/gal). It also contains boric acid and may contuin nickel chionde - de-
pending upon the supplier. On this basis it is recommended that the following procedure
be followed for each 378.5 liters (100 zallons) of electrolyte to be prepared:

2 Add 189.2 liters (50 gallons) of distilled water to the clean storage tank. Add 1892
liters (50 gallons) of nickel sulfamate (20 ounces per gallon of mickel metuli con-
centrate. If the concentrate contains 24 ounces per gallon ot nickel metal. add only
157.4 liters (41.6 gallons) of concentrate.
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Thoroughly mix the solution in the storage tank. Performa chemical analysis tor
nickel metal. nickel chloride. and boric acid. The procedure for analysis can be found
in the commercial iterature listed under para. 2 of this specitication.

Adjust the boric acid concentration after heating the clectrolyte to the operating
temperature range to be employed for clectrotorming. The concentration of boric
acid shall be increased to 33.8 to 37.5 /1 (4.5 to 5.0 oz gal) tor an electrolyte tem-
perature range of 43 to 49°C (110 to 1207F).

Addition of nickel chloride is not necessary when SD nickel anodes are used. A
small amount may be added it desired or it use of rolled depolarized is required.
In no case shall the concentration exceed 4.5 ¢'110.6 oz, gal).

The pH of the electrolyte shall be determined electrometrically and adjusted to the
range of 3.6 to 4.2. Lowering the pH is accomplished with sulfamic acid. Raising
the pH requires addition of nickel carbonate. Nickel carbonate is difficult to dis-
solve in the electrolyte. It is best added to the filter cartridge and slowly dissolved by
circulation through a filter pump system. It can be added to the electrolyte in the
make-up tank by bagging and hanging the bag in the tank.

Some nickel sulfamate concentrates are sold as completely purified and ready for use.
It is advisable to still conduct a purification process to remove metatlic and organic
contaminants prior to use. The standard procedure of “dummy” electrolysis using
corrugated cathodes should be used to remove metallic contaminants such as copper.
lead. and zinc. The recommended current density is 0.2 to 0.5 Amp/dm? (210 5
Amp/fu ). Solution agitation aids this operation. The amount of electrolysis is
usually based on five ampere hours per 378.5 liters (100 gallons) of electrolyte.
Organic contamination removal shall be accomplished by carbon treatment in the
make-up tank. Raise the temperature of the electrolyte to 54 to 60°C (136G to 140°F).
Add 1.4 to 2.2 kg (3 to 5 Ib) of fresh sulfur-frez activated carbon per 378.5 liters
(100 gallons) of electrolyte and agitate for 3 to 4 hours. Adding 473 ml (1 pint) of
30 perceni hydrogen peroxide per 378.5 liters (100 gal.) of electrolyte often aids in
removal of stubborn organics. Allow the solution to settle at least 4 hours or pre-
ferably overnight. Filter the electrolyte from the make-up tank into the electroform-
ing tank.

Re-check and adjust the pH to the range of 3.6 to 4.2. “Dummy " electrolysis will
usually increase the pH and adjustment is necessary with sultamic acd.

Heat the electrolyte to the required operating range with circulation provided by the
filter pumps and the main circulation pump tor pumps). Allow the solution to ciru-
late through the continuous carbon treating and filtration system for at least 24 hours
before electroforming.

The use of anti-pit agents (wetting agents) shouald be avoided it possible. Continuous
carbon treatment berefits are lost if wetting agents are used. It wetting agents are
found necessary they shall be controlled to the recommended concentrations by
monitoring with a stalagemometer or with the technique of film holding capability ot
wire rings. Such procedures are uescribed in the literature.
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ELECTROLYTE OPERATING RANGE

The electrolyte shall be operated in the tfollowing range of concentrations:

grams, liter 0z al

Nickel (as metal) 67.5t0 82.5 9to 11
Boric Acid 33.71039.8 451053
Nickel Chloride 0to4.5 0to 0.6
pH (electrometric) 30tod 4
Temperature 43° to 54°C 110° to 130°F
Cathode Current

Density 2.16 to 3.24 Amp/dm? 20 to 30Amp/ft?
MECHANICAL PROPERTIES

Mechanical properties of nickel sulfainate deposits shall be in the following ranges:

MN/m? Kpsi
Ultimate Strength 655.1t0793.0 95to 115
Yield Strength 482.7 10 620.0 70 to 90
Elongation. %% in
1 inch 10 minimum
Residual Stress
(Tensile) 41.4 MN/ri? max 6 Kpsi max

Adjustment of mechanical properties may be made using the guidelines ot Table 6.
ASTM B-503. If difficulty is encountzred in obtaining thic aubove mechanical properties
the elctrolyte may not be sufficiently broken in or may contain metallic contaminants
requiring more elaborate purification treatment. Rapid break-in of an electrolvte is en-
hanced by electrolyzing the bath ar a high current deisity such as 3.32Amp dm® (40
Amp/ft?).

Specic! purification treatments involve the removal of iron and chromium by high pH
treatment at 60°C (140°F). addition of hydrogen peroxide to oxidize the iron and re-
duce the chrome. cooling ihe electrolyte and filtering to remove precipitates. Details
may be found in the fiterature.

Residual stress shall be muasured by means of a spiral contractometer. Operation of this
instrument is described in the Journal of Research, National Bureau of Standards.
February 1949. High stresses shall be avoided due to distortion of initial clectroformed

layers over conductivized wax surfaces and the adverse etfect of tensile stress on the fatigue

life of the substrates on which deposits are bonded.
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8.1

8.3

QUALITY ASSURANCE PROVISIONS

VISUAL INSPECTION

All hardware electrotormed to the requirements of this specification shall be visually 1n-
spected to assure that:

a.  Dimensional requireinents are met.
b. The electroform contains no pits or voids which will remain atter final machimng.
¢.  The surtace is tree of burrs cracks. blisters. or other obvious detects.

ELECTROLYTE ANALYSIS

The nickel sultamate electrolyte shall be frequently analyzed and records maintained to
Jdemonstrate control of the process. As a minimum the following analytical schedule
will be followed:

a. New Solutions - Nickel metal in solution. nickel chloride. boric acid, und pH shall
be determined at start-up of bath. pH shall be checked daily. Nickel metal content
shall be checked weekly during the first month ot operation.

b. Routine Analysis - Nickel metal in solution. nickel chloride. boric acid. and pH
shall be determined monthly. pH shall be checked every third day and adjusted
as required. Failure of the pH to rise is indication of abnormal electrolyte behavior
and requies an analvsis fer nickel metal. dhloride. and boric acid.

METALLURGICAL TESTING

A specimen shall be electroformed from any new electrolyie to confirm mechanical
propertics. This specimen shall be at least 0.035 mm (0025 inchy thick. The spevimen
shall be electroformed under the conditions of electrolyte temperature. composition.
and current density conditions specified under Section 6 of this specification. During
electroforming. the residual stress of the deposit shall be determined by means of the
spiral contractometer.

A separate specimen shall be electrotormed concurrently with the deliverable elecirotormed
hardware. This specimen shall be subject to metallographic examination of at least 100X
for grain structure. deposit cleanliness. and freedom from voids or other imperfections
which might affect the service life of the delivered item. This specimen shall also be
stbject to hicat treatments or thermal cycling to assure that welds or other secondary
fabrication operations will not develop laminations. voids. cracking. or biisters.

Basis me.al surface activation tor electroform bonding shall b performed in exactly
the same manner as that used for the chamber lincr.

Tensile property verification specimens shall be provided it requested. These shall be
produced immediately prior to the electroforming of the deiiverable hardware and
from the same electrolvte under identical electroforming controls. Specific specimen
length and thickness shall be as specitied by the procuiing agency.
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SPECIFICATION FOR COPPER ELECTROFORMING OF OUTER SHELLS OF
REGENERATIVELY COOLED THRUST CHAMBERS FROM THE COPPER
PYROPHOSPHATE ELECTROLYTE

1. SCOPEL

This specification establishes the procedures to be used in eleciroforming the outer shells
of regeneratively cooled thrust chambers from copper as deposited from the copper
pyrophosphate electrolyte. The copper pyrophosphate soluiion is particularly suited to
clectroforming aerospace structural hardware by virtue of the excellent combination of
ductility and mechanical strongth possible in the deposits. The electrelyte has good
throwing power and leveling ability. The microstructure is typically coarse grained in
general appearance but composed of fine equiaxed subgrains. a factor contributing to the
excellent mechanical propertics. Good ductility is retained at test temperatures to
325°C (617°F) and higher.

2. APPLICABLE DOCUMENTS AND MATERIALS

SPEC!FICATIONS

ASTM B-170 Oxygen-Free Electrolytic Copper Wire,
Bars, Billets and Cakes

COMMERCIAL LITERATURE

Sheet No. P-An-C-10G-Xb Methods of Analysis tor the ~“Unichrome™
Copper Plating Solution M&T Chemicals. Inc.,
Rahway. New Jersey 07063

MATLERIALS
Ammenium Hydroxide
29 to 3077

ACS Reagent Grade Commercial

Potassium Pyrophosphate
Plating Grade Commercial

Copper Pyrophosphate
Plating Grade Commercial

Potassium Hydroxide
ACS Reagent Grade Commercial

Pyrophosphoric Acid
Plating Grade Commercial
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3.1

3.2

33

ELECTROFORMING EQUIPMENT REQUIREMENTS

TANKS

The main electroforming tank shall be steel lined with rubber or polyvinyl chloride. A
polypropylene tank is acceptable. The tank shall be wide enough to allow a clearance
of 6 to 8 inches between the anodes and the cathode or workpiece being electroformed.
It shall be deep enough to allow at least 12 inches clearance between cathode and the
tank bottom. A 12 inch freeboard shall be provided between the electrolyte level and
the top of the tank to prevent excessive splash loss ot electrolyte due to the vigorous
agitation required.

New tanks. or tanks converted from service with other electrolytes, shall be .horoughly
leached by filling with a solution of 0.5 to 1.0 ouuces per gallon potassium hydroxide
for 24 hours. This shall be followed by a complete rinsing with clean water.

A spare tank for electrolyte preparation and purification is required. This tank must be
leached before use.

TEMPERATURE CONTROLS AND HEATING EQUIPMENT

A low thermal density heat exchanger or immersion heater is required. The heater shall
be stainless steel, nickel, Karbate, or quartz. If an immersion heater is used, the electro-
lyte circulation in the heater area must be sufficient to prevent localized overheating of
the solution to 60°C (14G°F) or higher. This will l=ad to decomposition of the pyro-
phosphate into orthophosphate. Figure 24 illustrates the system employed to immer.ion
lieat a copper pyrophosphate bath. The air line ouvtlet holes shall be sufficiently below
ihe heater to allow air expansion to provide adequate agitation at the bottom of the
heater. A water filled Leating jacket around the electroforming tank is recommended
for smaller installations. Figure 24 shows an example of the water jacket heating system.
A pump or mechanical stirring may be used to circulate the water in the jacket to pro-
vide uniform temperature. A cover over the water jacket will miimize evaporation
losses and insulating foam or fiberglass around the outside will help retain neat.

The heating equipment shall have the capacity to maintain the electrolyte temperature
in the range of 48.9°C to 60°C (120 to 140°F). Temperature control shall be regulated
to 1.7°C (£3°F).

If immersion heaters are used. p.riodic maintenance must be exercised to remove baked-
on electroly te salts resulting from splash and evaporation. Flaking of this residue contri-
butes to roughness 1 the deposit.

AGITATION

Vigorous electroly te agitation shall be used in electroforming from the pyrophosphate
electrolyte. Oil-free air shall be used for this purpose. An oil-less low pressure blower-
type compressor may be used.
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3.5

Air capacity shall be at least 1.5 cubic feet per minute per square foot of electrolyte
surface (0.762 cc/sec/em?). Air pressure shall be at least i.45 mm of Hg (0.75 psi).

The air outlet into the electrolyte shall be through a pipe manifolding arrangement where-
by the maximuin electrolyte agitation occurs along the cathode (workpiece) surface.
Piping for the air agitation system shall be polypropylene, rubber. or polyvinyl chloride.

A separate air agitation system may be used to provide general electrolyte circulation in
the tank and to agitate the electrolyte in the vicinity of immersion heaters. if present.

Supplementing the air agitation system with open pumping of the electrolyte directly
towards the cathode (workpiece) will improve the electrodeposit quality. Since most
thrust chamber liners will have a shape which converges at the nozzle, air agitation alone
is not sufficient to preveni dcposit roughness and severe brittleness. The forced flow of
electrolyte against any recessed surface is mandatory. Figure 25 shows a recommended
agitation arrangement for a chamber liner. Note that the liner is positioned with the
combustion chamber (small diameter) down in order to make most effective use of the
air to provide agitation at the cathode surface.

FILTRATION

Pyrophosphate electrolyte shall be continuously filtered to minimize roughness and
brittleness in the electrodeposits. Pyrophosphate electrolyte shall be filtered through
filter media with at least a rating of 3 microns nominal.

Filter construction materials shall be stainless steel, rubber, plastisol lined steel, or poly-
propylene. Alpha cellulose, “Solka-floc™ or “*Fiberbestos™ may be used as filter aids,
but will reduce the electrolyte flow.

Continuous carbon treatment is recommended. Intermittent carbon treatment shall be
used as a minimal requirement. Only sulfur-free carbon is permitted for this treatment.
The carbon shall be washed (if granuler carbon is used) to remove fines before being
bagged and placed in the carbon treating unit. Extra precautions shall be exercised to in-
sure that proper filters (3 micron nominal or less) are installed downstream from the
carbon treating unit to prevent carbon fines from ente.ing the electrolyte.

Tne filter area shall be sufficient to provide a no-load flow capacity of three tank volumes
per hour. New filter cartiidges shall be leached in pyrophosphate solution for at least 24
hours before use. Figure 26 shows a recommended filtering and carboi treating system.

CURRENT SOURCE AND CONTROL

A standard DC plating supply of 6 voltsr  mum rating at required maximum current
rating is necessary. It is optional to use f  dic reverse current for pyrophosphate elec-
troforming. Both the DC power supply and the periodic reversing unit shall have current
capacities capable of furnishing up to 5.4 Amp/dm? (50 Amp/ft®) as a cathode (work-
piece) current density. It is also an option to use periodic current interruption as an al-
ternate to periodic reversal to minimize roughness in thick deposits.
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Rotating
Cathode

To Jpen Pumping
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Z Perforated PVC
Air Manifold for
General Agitation

Figure 25. Combination Air and Ope Pumping System for Agitating the Pyrophosphate

Electrolyte when Electroln; -:ing Recessed Shapes
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The tollowing anodic-cathodic timing ranges are suggested for periodic reversal and
periodic interruption:

Anodic Cycle Cathodic Cycle
Periodic Reversal
(Polarity ot Cuthode) 3105 sec. 20 to 50 sec.
Current Ott Current On
Periodic Interruption
(Polarity of Cathode) 60 to 90 sec. 123 to 180 min,

ANODES

Either oxygen-tree high conductivity (OFHC) or rolled phosphorized copper anodes are
required in the pyrophosphate “lectrolyte. Anode material shall meet the chemical re-
quirements of ASTM Specification B-170.

Use of anode bags is not permitted since they intertere with solution circulation around
the anodes and contribtite to passive oxide layers and particulate generation.

Carefui attention to anode area and proper anode corrosion shall be given. The anode
current density for electroforming shall be between 2.7 to 5.4 Amp’'dm? (25 and 50
Amp/ft=). If the current density is too low, a brown cuprous oxide film will form which
leads to ..ode passivity and deposit roughness. Excessive anode current density results
in a black anode film and excessive tank voltage. Proper anode corresion shall be verified
by an examination of an arbitrarily selected anode at least every three davs of continuous
electrotorming operation. The anode shall show a light tun or colorless film. A voltage
increase of 1.0 volt for any current density being emploved shall be cause to check tor
proper anode area and correction if needed.

Each anode used in the pyrophosphate electroly te shall be totally submerged in the
electrolvte. Exposed anodes will coltlect salts tfrom cvaporated splashing and oxides from
aimospheric exposure. This contributes to roughness and poor ductility in the deposits.
Titanium anode hooks shall be used to submerge the anodes.

ELECTROLYTE MAKE-UP

The pyrophospbuate ele ctrolyte shall be made trom dry salts or pre-purified solutions.
Using dry salts. a new sHlution shall be prepared as tfollows:

a.  Fill a spare tank tc about two-thirds of the required volume with waier (distilled).
Heat to S4.4°C (130°F),

b.  Add in order for cach 100 gallons ( 378.5 liters) of electrolyte (stirring after each
addition):
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1) 4.536 kg (10 1b) of potassium pyrophosphate.
) 127.1 kg (280 Ib) of copper pyrophosphate.

¢. Add to the above dissolved solution one pint of 30 to 35 percent hydrogen peroxide
for each 100 gallons of electrolyte. This is to break down organic impurities.
Stir 30 minutes.

d. Foreach 378.5 liters (100 gallons) of solution. add 0.857 kg (2 to 3 pounds) ot sultur-
free activated carbon. Stir tor 2 to 3 hours and allow the solution to settle tor one
hour. Filter the electrolyte into the electrotorming tank after checking the filtered
product for solids (pass through standard filter paper and check the paper for solids).
If solids are observed. improved filtration is required.

e. Add 1.89 liters (0.5 gallon) of 29 to 30 percent ammonium hydroxide for each 100
gallons of electrolyte and stir.

f.  Hang the unbagged anodes in the tank and add distilled water to the required final
volume. Turn on the air agitation system.

g.  Check the solution pH (acidity). If the pH is above 8.6. lower to 8.4 with pyro-
phosphoric acid. If it is bel« w 8.2, raise with potassium hydroxide to 8.4.

h. Perform a chemical analysis for copper metal content, pyrophosphate. orthophosphate
and ammonia in accordance with the document referenced under Section 2 of this
specification, or an equivaient analytical procedure. From the analysic, adjust the
electrolyte composition as required to meet the operating range.

ELECTROLYTE OPERATING RANGE

The electrolyte shall be operated in the following range ot concentrations:

grams/liter oz/gal
Copper (as metai) 24.75 to 28.50 33to38
Pyrophosphate-Copper Ratio 7.4 1t08.0:1
Ammonia as NH, 1.12to 1 .87 0.15t00.25
pH (electrometric) 8.21t08.6
Temperature 48.9 t0 57.2°C 120 to 135°F
Cathode Current Density 216 to 4.32 A/dm? 20 to 40 A-1t?
Anode Current Density 27t054 A/ dm?  25to 50 A/ftF
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8.1

8.2

8.3

MECHANICAL PROPERTIES

Mechanica! propertics ot pyrephosphate deposits shall be in the tollowing ranges:

MN m° Kpsi
Ultimate Strength 2620t0 3103 8 to4s
Yield Strength 172402068 2510 30
Elongation. "/ in 2 inches 20 minimum*

* NOTE: Higher plating temperatures favor increased ductility at some sacritice of
electrolyte throwing power and efficiency. The elongation is otherwise a
tunction of the degree of filtration used to remove very fine particulate
matter from the electrolyte (and good agitation).

QUALITY ASSURANCE PROVISIONS

VISUAL INSPECTION

All hardware electrotormed to the requirements of this specification shall be visuaily in-
spected to assure that:

a.  Dimensional requirements are met.

b. The electroform contains no pits or voids which will remain arter final external
machining.

o, The surface is free of burns. cracks. blisters. or other obvious defects.
ELECTROLYTE ANALYSIS

The pyrophosphate electrolyte shall be frequently analyzed and records maintained to
demonstrate control of the process. As a minimum. the following analy tical schedule
will be followed:

4. New Solutions - Ammonia, copper. and pyvrophosphate shail be determined
every other day during the first week of operatio~ pH shall
be checked twice daily.

b. Routine Analysis - Ammonia, copper. and pyrophosphate shall be determined
every four davs. Additional ammonia checks shall be made
every second day of continuous operation. pH shall be checked
daily. Orthophosphare shall be determined weekly.

METALLURGICAL TESTING

A separate specimen shall be electroformed concurrently with the deliverabie electro-
formed hardware. This specimen shall be subject to metallographic examination at at
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least 100X for grain structure, deposit cleanliness, and freedom from voids or other
imperfections which might affect the service life of the delivered item. This specimen is
also subject to heat treatments or thermal cycling to assure that welds or other secondary
fabrication operations wili not develop laminations, voids. cracking, or blisters.

Basic metal surface activation for electroform bonding shall be performed in exactly the
same manner as that used for the chamber liner.

Tensile property verification specimens shall be provided if required. These shall be pro-
duced immediately prior to the electroforming of the deliverable hardware and from the
same electrolyte under identical electroforming controls. Specific specimen lengths and
thickness shall be as specified by the procuring agency.



SPECIFICATION FOR COPPER ELECTxOFORMING OF CUTER SHELLS OF
REGENERATIVELY COOLED THRUST CHAMBERS FROM THE ACID COPPER
SULFATE ELECTROLYTE WITH PERIODIC CURRENT REVERSAL

1.0 SCOPE

2.0

3.0

3.

[FS]
[

1

This specitication establishes the procedures to be used in electrotorming the outer shells
of regeneratively cooled thrust chambers trom copper as deposited from the acid copper
sutfate clectrolyte using periodically reversed current (PR). The acid copper sulfate
clectrolyte with periodic current reversal produces better and more uniform mechanical
properties than the conventional acid sulfate electrolyte duc to the controlled fine grain
structure which can be maintained constant throughout extremely tiick electrotforming
operations.

APPLICABLE DOCUMENTS AND MATERIALS

SPECIFICATIONS

ASTM B-170 Oxygen-Free Electrolytic Copper Wire, Bars,
Billets and Cakes

MATERIALS

Copper Sultate
Plating Grace or
ACS Reagent Grade Commercial

Sulfuric Acid
ACS Reagent Grade Commerciul

ELECTROFORMING EQUIPMENT REQUIREMENTS

TANKS

The clectroforming tank shall be polvvinyl chloride lined steel. rubber lined steel, or
polypropylene. The tank shall be of sutficient size to allow a 6 to 12 inch clearance
betweern anodes and the cathode (workpiece). The bottom of the tank shall clear the
cathode by -t least 12 inches to allow full electrolyte circulation and suttficient area tor
sludge or other impunties to settle tor withdrawal by the tilter pump.

New tanks shall be leached for at least 24 hours using a solution of 5 percent by volume
sulfuric acid in water. This shall be followed by a thorough rinse. A representative tank
with support equipment is illustrated in Figure 27.

TEMPERATURE CONTROL AND HEATING EQUIPMENT

The plating tank shall be heated by coils. heat exchangers or immersion heaters made of
titanium. tantalum. Karbatc. or quartz. Where immersion heaters are used. provision
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3.4

shall be made to adequaiely circulate the electroly te to prevent overheating which could
lead to decomposition of the tunk lining or heater enard coating.

The heating equipment shall be capable ol maintaining o temperature of 26.7 to 37.7°C
(80 to 100°F) and shall be capable of regulating ihe temperature o 1.1°C (22°F).

ELECTROLYTL AGITATION

Primary circulatior shall be provided by filter pumps.  Air agitation. as provided by low
pressure air blewer systems which are otl-free and filtered. is allowed. It air agitation is
used. the i shall not impinge directly on the anodes or cathode. Clean, tiltered nitrogen
mav be used in place of air where available.

The air agitation shall be introduced through polyvinyl chlorid: or polypropylene pip-
ing containing drilled outlet holes. Such piping shall be at least two inches oit the
bottom of the tank so as not to force settled particulate up against the workpiece being
clectrotformed.

FILTRATION

The electrolyte shall be continuously fiitered through a filter of 10 micron nominal rat-
ing or finer. Filter aids are permitted providing they contain no cellulose type material.
The filter arca ard pump capacity shall be such that under a no loading condition the
system can circulate double the electrolyte volume every hour. All filter pumps and
housings sha!l be ma:le of materials suitable for use in acid plating baths. All cartridge
type filters shall be feached in a 10 percent solution of sulfuric acid in water or a
container of the acid suifate plating solution tor at izast 24 hours before use to remove
sizing compounds. Cartridue tilters shall be poivpropriene or Dynel material.

CARBON TREATMENT

All new electroly tes shall be carbon treated as later described in this document. This
treatment shall be repeated at least once for every 10 days ot accumulated opcration

of the electrolyte. Peroxide treatment is permitted when stubborn organic contamination
exists. This periodic treatment is not required if continuous carbori treatment is
employed. Only sulfur-tree carbon shall be used tor carbon treatment.

CURRENT SOURCE AND CONTROL

A standard D.C. plating supply of 6 volts minimum rating at required maximum current
rating is necessary. The D.C. power supply shall heve current capacity capable of furnish-
ngup to 5.4 Ardm? (50 amp/ft*) as a cathode (workpiece) current density. Since

the sulfate electrolyte is acidic and will slowly etch the surface ot copper when no current
is flowing. the power supply shall be equipped with a manual reset switch to protect the
cathode trom laminations in event of power fatlure.

The periodic reversing unit shall be capable of providing the sume direct current output
as the power supply. The unit shall be capable of providing the cathode (workpiece ) with
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4.0

50

anodic cycles from 3 to 6 seconds and with cathodic cycles from 9 to 30 seconds and
have full timing capability within these ranges.

ANODES

Only oxygen free high conductivity copper anodes conforming to specification ASTM
B-170 are permitted for copper electrotorming. These anodes may be in the torm of
ovals. slabs. or chips. All anrodes shall be cleaned betore using. Such cicanng shal! in-
clude a bright dip tc remove any copper oxide on the surface. This shall be followed by
4 thorough rinse in tap water and a final rinse with distilled water.

Only titanium anode hooks (or titeriium anode baskets for chips) shall be used. Anodce
nooks shall be long enough to operate the anode completely submerged. This is to mini-
mize anode waste. Anodes shall be bagged with polypropylene or Dynel anode bags.
The bags shall be leached to remove sizing materials before use (soaking ina 5 to 10%
solution of sulfuric acid in water or acid sulfate plating solution for 24 hours is
required.

ELECTROLYTE MAKE-UP

a.  Fill a spare tank, of suitable material for exposure to acid ¢lectrolytes. with dis-
tilled water to a level representing two-thirds of the tinal required electrolyte
volume. This tank shall have been leached with a sulfuric acid solution prior to use.

b. Heat the distilled water to 60°C (140°F) and agitate with oil-free. filtered low
pressure air or nitrogen.

¢. To the hot water. add the required amount of copper sultate crystals. This will
require approximately 0.907 Kg (2 Ib) of the pentahydrate copper sulfate per
gallon of final electrolyte volume.

d. If technical or plating grade copper suliate i1s used. a standard hydrogen peroxide
treatment shall be made to oxidize any iron present and to decompose stubborn
orgaric matter. The tank shall be kept at temperature 60°C (140°F) for at least
one hour with agitation to drive off residual hydrogen peroxide. One pint of 30
to 357 hydrogen peroxide per 100 galtons of electrolyte is sufticient for this
operation. If ACS grade copper sulfate is used. the peroxide treatment may be
omitted.

¢. Add 1.36t02.27 Kg (3 to S Ib) ol sulfur-free activated carbon per 100 gallons
of electrolyte. Mix for at least one hour. shut ot the agitation. and allow the
solution to settle tor at least four hours.

. Caretully tilter the treated solution into the electrotoraing tank. using a filter
that has been pre-coated with a non-cellulose ty pe filter aid. Check the eftluent
for carbon or other particuiate by filtering through a standard filter paper. Remove
and replace the filters in the filter pump after this operation. Flush the system with
clean water followed by distilled water.
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6.0

7.0

¢, Turn on tiwe tank agitation and filter pump systems. Slowly add the required
amount of concentrated reagent grade sulfuric acid 60 to 75 grams/liter (8 to 10
os/gal) to the electrolyte. CAUTION: Heat is generated and protective clothing
shall be worn to prevent injury from splashing.

h. Positior the bagged OFHC copper anodes in the electrotorming tank. Adjust the
electrolvte temperature to 32.2°C (90°F).

i Sample the clectrolyte and perform a chemical analysis to the operating runge
specified in this document. Adjust the concentrations as required with properly
purificd solutions.

ELECTROLYTE OPLRATING RANGE

The acid copper sulfate electroly te shall contain no brighteners. leveling agents. or other
organic additives when used with periodic current reversal The following range of con-
centrations shall be maintained.

Grams/Liter 0z/Gal
Copper Sulfate Pentahyd:ate 195 to 240 26 to 32
Sulfuric Acid (66°B.". C.P.) 60to 75 8to 1G

The following operating ranges shall be used:

Temperature 31.1 10 33.3°C 88 to 92°F
Anode Current Density 2.16to 4.32 A/dm? 20 to 40 A/ft?
Cathode Current Density 4.32t05.4 A/dm? 40 to 50 A/ft?

Periodic Reversal Cycle*

Cathode-Anodic 3 to 4 sec
Cathode-Cathodic 6to 12 sec
Ratio of Cathodic: Anodic 2:1to4:1

*Periodic reversal shall not be used in the first twenty minutes of electroforming where
bonding on a waxcd and conductivized surface is involved. Decreasing the ratio of
cathodic to anodic improves tensile strength in the deposit.

MECHANICAL

Mechanical properties of acid copper sulfate deposits with periodic current reversal shall
be in the following ranges:
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MN/m? Kpsi

Ultimate Strength 220.7 to 310.3 32to 45
Yield Strength 110.3 tc 151.7 16 to 22

Elongation. 7% in 2 inches 25 minimiem™*

*Raising the current density from 40 A t? to 50 A ' ft? lowers the ultimate strength
and increases the elongation value.

QUALITY ASSURANCE PROVISIONS
VISUAL INSPECTION

All hardware clectrotormed to the requiremeats of this specitication shall be visually
inspectzd to assure that:

a. Dimensional requirements are met.

b. The electroform coatains no pits or voids which will remain afier final external

machining.
¢. The surface is free of burns. cracks. blisters. or other obvious defects.
ELECTROLYTE ANALYSIS

The acid sulfate electrolyte shall be analyzed and records maintained to demonstrate
control of the process. As a minimum. the following analytical schedule will be followed:

a. New Electrolyte Analyze for copper sulfate and sulturic acid before using to
clectroform any deliverable hardware or tensile specimens.

b. In-Service - Analyze for copper sultate and sulfuric acid every two weeks
Electrolyte of continuovs operation or when significant voltage increases
occur for a specific electroforming current output from the
power source. Maintain records of all anzlyses and an anode
arca log (loss of anode area will cause a voltage increase for
a fixed current).

METALLURGICAL TESTING

A separate specimen shall be electroformed concurrently with the deliverable electro-
formed hardware. This specimen shail be subject to metallographic examination at least
100X for grain structure. deposit cleanliness. and freedom from voids or other imperfec-
tions which might affect the service life of the delivered item. It shall also be subject to
hardness tests. This specimen is also subject to heat treatments or thermal cycling to
assure that welds or other secondary fabrication operation< will not develop laminations.
voias. cracking. or blisters.
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Basic metal surface activation for electroform bonding shall Le performed in exactly the
<ame manner as that used ror the chamber linci.

Tensile property verification specimens shall be provided if required. These shall be
produced immediately prior to the clectrotorming of the deliverable hardware and from
the same electrolyte under identical electroforming controls. Specitic specimen lengths
and thickness shall be as specified by the procuring agency.
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F. SPECIFICATION FOR REMOVAL OF CHANNEL FILLING AND CONDUCTIVIZING
MATERIAL FROM ELECTROFORMED REGENERATIVELY COOLED THRUST
CHAMBERS

1.0 SCOPE
This specification establishes procedures to be used to remove channel filling waxes and
conductivizing w dia prior to coolant manitold assembly operations on the regeneratively

cooled thrust chamber.

2.0 APPLICABI E DOCUMENTS AND MATERIALS

SPECIFICATIONS None.

MATERIALS

Trichlorethylene. Stabilized. Specitication MIL-T-7003
Degreasing Grade

Methylene Chloride Commercial

Nitric Acid. ACS Reagent Grade Commercial

Sodium Carbonate, Technical Commercial

Grade

Detergent Cleaning Compound. Alconox. Inc.

Alconox Brand (or Equivalent) New York. NY 10003

3.0 PROCEDURES
3.1 OUTER SHELL MACHINING

The electroforming fixture shall be removed from the thrust chamber and replaced by
a suitable fixture for final machining of the outer shell. 1t may be necessary to remove
liner interior masking by solvent wiping with trichlorethylene or methylene chloride to
remove wax, lacquer, or painted polyvinyl chioride coating in order to accurately fit
the machining fixture to the chamber liner. Channel and manifold filling compound
should not be removed until the machining operation is complete. This will prevent
metal chips from entering the channels. Any machining burrs present at channel
openings shall be removed.

3.2 CHANNEL FILLER REMOVAL

Platers tape and other coatings which might bake onto the chamber interior surtace at
121°C (250°F) exposure should be removed before channel wax removal.
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3.3

After the machining operation. the channel fitler (wax) should be visible at both muni-
fold ends of the chamber. Any machining coolants shall be temoved by solvent wiping
before wax removal. The chamber shall be placed in a vertical position on a shallow
tray and carefully placed in an oven controlled to a temperature not to exceed 126.5°C
{200°F ). The chamber will reinain in the oven until the channel wax has been observed
to tlow into the shallow tray. The time tor this process will depend on the oven heating
time and the complexity ot the chamber design.

Remove the chamber from the oven and allow it to cool. 1t polyvinyl chloride masking
has been applied to the chamber intertor surface as a maskant, the oven heat will have
caused it te shrink and peel trom the liner. It may now be removed.

The chamber shall be placed on a degreasing fixture, or in a degreasing basket. and
exposed to a vapor degreasing operation with trichlorethylene for perchlorethylene).
The Rigidax W 1. Light Blue Compound used for channel filling is readily soluble in
trichlorethylene vapors at approximately 87°C (189°F). Soaking the chamber in cold
solvent will remove the filler wax but at a slower rate. Vapor degreasing should be
continued for at least 30 minutes atter the chamber reaches the solvent vapor tempera-
ture. Trichloroethane may be used ir: place of other solvents.

It shall be veritied that the channel passages arc open and clear by injecting clean room
temperature degreasing solvent into the channel >penings and observing the flow

out of the outer openings. Any blue coloration ot the solvent indicates a need for further
vapor degreasing.

REMOVAL OF CONDUCTIVIZING MEDIA

It silver powder is used to conductivize the channel filling wax. the removal 1s greatly
simpliticd. The chamber is tirst detergent scrub cleaned with a mild compound such as
Alconox in water. After a thorough rinse in clean water. the chamber is quickly dipped
into a nitric acid solution with strict observance of the tfollowing conditions:

Nitric Acid. ACS Reagent Grade 25% by vol.
Distilled water 75% by vol.
Temperature Room

Time 15 to 30 seconds

Immediately withdraw the chamber and transfer into a room temperature clean water
rinse for 10 to 15 seconds. Transfer the chamber to an acid neutralizing solution of
mild alkalinity. Such a solution may be made by adding sodium carbonat’ o water
at a concentration of 3.7t0 7.5 g/l. (0.5 to 1.0 oz/gal).

The chamber is then allowed to soak in clean tap water to remov: the alkaline solution
followed by a final rinse in distilled or demineralized water.

If conductivizing media other than silver is used it will be necessary to develop and
demonstrate effective removal techniques which will assure that loose conductivizing
media will not later dislodge and contaminate or plug the orifices of the rocket engine
injector.

81



3.4 FINAL CLEANING FOR COSMETIC PURPOSE

Any strains or discoloration on the copper or copper alloy surfaces may be minimized

by scrub cleaning with a stift bristle brush (no wire bristles). A detergent solution may be
made up by adding Alconox and fine scrubbing grade pumice powder to form a soft

paste with water. After scrubbing a thorough rirse and tlushing of the channels shall

be made with distilled cr demineralized water.




VL. ELECTROFORMING AND TESTS
Al GENERAL

The objective of this portion ol the program was to demonstrate that the specitications pre-
viousty developed were suitable tor electrotorming copper and nickel outer shells on regeneratively
cooled thrust chamber hiners to produce consistently reliable bonds of the shell to the copper alloy
tnner shell. The objective was also to verity thit repeatable mechanical properties could be obtained
in the pickel or copper clectrodeposit seitich were cauivalent to those eapected in the corresponding
annealed wrought metal.

The approach to this task included the tabrication of ten Amrire cylinders with machined
coolant passages and connecting manitolds similar to those in actual thrust chamber liners. Figure 28.
Five of these cylinders were electroformed with nickel outer shells and tested to destruction to verify
bond strength. Provision for obtaining tensile test strips trom the outer shells was made. The re-
muaining five cylinders were electroformed with copper outer shells and similarly tested.

B. AMZIRC CYLINDER FABRICATION AND PREPARATION

Each Amzirc cylinder forging was machined to produce two test cyhinder liners. Centering
diameters were machined into the ends of each cylinder to provide accurate locations for machining
the final diameter of the Amzire surface and for machining the final electrotormed outer shell to
uniform thickness. The channels and manifolds were mitled to Josely controlled tolerances to assure
that each cylinder duplicated the others and contormed to the dimensions of Figure 28. Each cylin-
der was stamped with a code at one end to designate the numerical sequence of electroforming and
the type of vuter shell tiie. nickel or copper).

The liner cleaning and channel waxing procedures described in Section V. Electrotorming
Specitications, were caretully tollowed. The wax filling operation is shown in Figure 29, The eylin-
der being prepared in this photograph was for o “spool™™ chamber fubncated tor the low cycle thermal
tatizue study program in progress at NASA'S Lewis Research Center. Cleveland. Ohio. Each cylinder
was fixtured between two Tetlon end plates with a threaded metal shatt through the center. The
shatt extension was mounted in a lathe chuck and rotated at a slow speed while Rigidax Type W1
Light Blue Compound was melted onto the eylinder surtace. The way was allowed to cool while the
cylinder rotated.

The excess wax was removed using & hot-knife as illustrated in Figure 30. The hot-knite blade
temperature was coatrolled by a Variac and a thermocouple with direct temperature reading instru-
mentation. In this work the hot-knife was held stationary and the chamber liner moved by hand.
Large liners would be secured on rotation centers and the hot-knife moved.

The wax finishing was accomplished by wet sanding with fine grit papers under running water
to produce the liner surface shown in Ficure 31.

Prior to conductivizing the wax-filled channels. it was necessary to chemically passivaie sec-

tions of the cylinder adjacent to the channel test areas. The object of this operation was to produce
cylinder fength strips of the outer shell with ne bond to the Amare ovlinder. These areas were to be
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Figure 28. Final Test Cylinder Design
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Figure 31. Amzire Test Cyvlinder with Sigidas [y pe Wi Light Blue Compound Fillimg Channels of
Test Pattern
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saw-cut to afford strips for making tensile test specimens. The cylinders were masked as shown i
Figure 32. Each cylinder was cathodically treated in a passivating solution as follows:

Sodium Dichromate 26 to 30 g/l.

Water Balance of Solution
Temperature 48.9°C (120°F)
Current Density 1.08 A/dm? (10 A f1?)
Time 60 to 90 seconds
Anodes Stainless Steel

After a double rinse to remove all chromate ion, the masked cylinders were electroplated in
an acid copper sulfate electrolyte to obtain a non-bond deposit of copper approximately 0.0178 mm
(0.0007 in.) thick. Each cylinder was rinsed, the masking over the waxed channeis removed, and all
surfaces scrubbed clean with a mild detergent and water. Prior to conductivizing the wax-filled chan-
nels, the exposed Amazirc was anodically etched in 65 percent by volume phosphoric acid using a
current density of 16.14 A/dm? (150 A/ft?) for 90 to 120 seconds. or until the Amazirc surface
appeared uniformly bright. This pre-treatment appears to substantially remove the Beilby layer (zone
of disturbed or contaminated metal crystal structure).

Each cylinder was rinsed, allowed to drain, and piaced in a circuv.qaiing air oven to bring the
channel-filling compound to the melt point. After a thermal stabilization period. the cylinders were
removed from the oven and conductivized with silver powder. The powder was brushed onto the
warm wax surface ind allowed to cool. The silver was lightly hand rubbed (using disposable plastic
gloves) as shown in Figure 33. In this photograph. the NASA spool chamber was used as the example.
The bright, short cylindrical portion with no channels is a separate test specimen of Amuzire.

C. ELECTROFORMING OF OUTER SHELLS

All conduciivized cylinders were activated for bonditig by the modified Stanford University
recommended process using anodic treatment in phosphoric acid tollowed by cathodic reduction in
sulfuric acid. Cylinders required to have a copper outer shell were double rinsed and transferred with
applied cathodic voltage to the acid copper sulfate tank. After twenty minutes of conventional
plating, periodic current reversal was applied until a shell thickness of about 1.52 mm (0.060 ini.) or
greater was achieved. The electroforming was performed at a current density of 4.84 A‘dm?

(45 A/ft?) and a bath temperature of 32.2°C (90°F). The periodic current reversal cycle ratio was
maintaisicd between 4:1 and 3:1 (cathodic to anodic ratio).

The five nickel electroformed cylinders were produced in a low chloride nickel sulfamate
bath operated at 44.4°C (112°F) and a current density of 2.15 A dm? 23 A ft?). The shells were
electroformed to a thickness of 1.27 mm (0.050 in.) or greater. All cvlinders. except those to be
welded, (see Section D below), were machined to a unitorm shell thickness. The two welded cylin-
ders were machined after welding to remove surface irregularities from the girth weld and provide a
uniform shell thickness for pressure testing. After final machining. the channel filling compound was
removed and the passages flushed with a solvent. The wax was removed prior to welding on the
special two cylinders. Figure 34 inustrates ty pical cvlinders after machining and prior to destructive
testing.
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Figure .

Anmzire Cylinder Masked tor Passivating to Prevent ©lectrotorm Bonding Where
Tensile Test Strips are to be Obtained
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Figure 34.

Typical Amzirc Cylinders with Electrotormed Outer Shells atter Muachining
and Prior to Destructive Testing
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D. TIG WELDING

One cylinder with a nickel shell, Cylinder N-3, and one with a copper shell. Cylinder C-5,
were TI1G welded to determine the eftect of severe thermal exposure on the shell-liner bond integrity .
Both cylinders performed well in the welding operation with respect to minimal outgassing and good
metal melting. However, in attempting to achieve metal flow temperatures on the copper shell
cylinder, an excessive melt area was produced which damaged one of the two test patterns. All welds
were around the middle of each cylinder.

-

E. HOLOGRAPHIC TEST RESULTS

Unwelded Cylinders N-1 and C-1 were holographically inspected to determine the general
bond integrity prior to high pressure testing to failure. Again, procedures as described in Ref. 8 were
used. Gaseous nitrogen was used as the pressurizing media for all holographic work. The holograms
for Cylinders N-1 and C-1 indicated high integrity bonds by virtue of the straight and firm bands
visible over the channel areas. The holograms are shown in Figure 35.

The holograms were produced by photographically exposing the test area with no pressuri-
zation and superimposing a second photographic image on the original after pressurization. Finite
movement of the electroformed shell causes light interference patterns. The shape and intensity of
these patterns is related to the pressure applied, the configuration of the test area, and the integrity
of the bonded joint.

When Cylinder N-1 was pressure tested to determine the nickel shell bond strength. leakuge
was detected in the two test patterns. This was initiated at pressures of 41.4 MN/m? (6.0 Kpsi) in
Test Area A and 34.5 MN/m? (5.0 Kpsi) in Test Area B. Pressurization was continued to 86.2 MN/m?
(12.5 Kpsi) in Area A and 93.1 MN/m2(13.5 Kpsi) in Area B. At these pressures leakage was severe
and it was suspected that joint failures may have oceurred.

Cylinder N-1 was repaired by vibratory peening. to close the leakage pin-holes, and plating
0.127 mm (0.005 in.) of nickel over the electioformed cuer <hell. Holographic inspection of the
repaired cylinder, Figure 36, disclosed all bonds were unfa:ded. The bands formed by the retlected
light in the holograms tend to be pointed at the ends of some bonding ribs (Area A) or show shadows
in the channels (Area B). Both conditions are indicative of severe joint strain. A failed joint would
show light bands running across the bonding rib. From this information it was correctly concluded
that the test cylinder should be retested to a higher pressure where joint failure would occur.

The two welded cylinders were holographically inspected to determine it any bond degrada-
tion had occurred as a result of the severe thermal exposure. The holograms shown in Figure 37
reveal no abnormalities in the bonded joints after welding.

F. DESTRUCTIVE TESTING

All of the Amzirc test cylinders were fabricated to accommodate pressure fitting attachment
to the inside surface. This permitted the use of external restraining blocks to prevent buckling of the
clectroformed outer shells over the 9.52 mm (0.375 in.) diameter tapped holes into which were
screwed the pressure fittings. Figure 38 illustrates the fixturing used for high pressure testing. All
destructive testing was performed under the surveillance of Quality Engineering personnel.
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Cylinder C-1 Area A

Cylinder N-1 Area A

Holograms indicate high integrity bonds exist as denoted by the straight and firm bands of light reflected

Pressure:
3.45 MN/m?
{500 psi)

Cylinder C-1 AreaB

Pressure:
6.90 MN/m?
(1000 psi)

Cylinder N-1 Area B

over the channel patterns.

Figure 35.

Holograms for Test Cylinders N-1 and C-1 Prior to Destructive Testing
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Hologram ot Test Area A after exposure of the channels to a
hydrostatic pressure of 86.2 MN/m2 (12.5 Kpsi). A constraining
fixture was apptied over each end of the cylinder to prevent
buckling over the large diameter threaded holes housing the pres-
sure fittings. These fixtures were placed so as to afford no re-
straint of the cross-manifolds connecting the test area channels.
The pressure applied to obtain the hologram was 6.9 MN/m2

(1 Kpsi}). The “pointed’’ light bands in the test pattern indicate
severe deformation of at least one member of the bonded joint.
No joint failure is evident,

Cylinder N-1
Test Area A

Hologram of Test Area B after exposure of the channels to a
hydrostatic pressure of 93.1 MN/m2 {(13.5 Kpsi). The fixtures
used to constrain buckling of the outer shell over the pressure
fitting holes were located to also constrain deformaticn of the
cross-manifolds connecting the individual test channels. The use of
these fixtures was restricted to the high pressure testing. They
were not used in the hotography investigation. The pressure ap-
plied to obtain the hologram was 6.9 MN/m?2 (1 Kpsi). The hotogram
bands are not as pointed as was noted in Test Area A (probably
due to the manifold constraining fixtures). However, the shadows
in some channels indicate a severe strain has occurred in some
joints, particularly at the second and third bonding ribs {(from the
left of the test pattern).

Cylinder N1
Test Area B

Figure 36.  Holograms from Cylinder N-1 Used to Determine Bonded Joint Degradation
alter High Pressure Exposure
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Pressure:

5.17 MN/m2

(0.75 Kpsi}
Cylinder N-3 Cylinder N-3
Test Area A Test Area B

The above holograms were from Cylinder N-3 containing an electroformed nickel outer shell. A TIG weld
was made around the middle of the cylinder. No evidence of electroform bond degradation was noted.
This investigation was made prior to high pressure testing of the cylinder.

The adjacent hologram shows the TIG weld on Cylinder C-5 which con-
tained an electroformed copper outer shell. The weld is identified as a

black line at the middle teft of the hologram. The weld s visible only

due to the circumstance that a recess was left at this area of the welid from
metal flow when the copper melt occurred. The pressure applied to make
the hologram was 5.17 MN/m2 {0.75 Kpsi}. No bond degradation is evident
from the welding operation.

Cylinder C 5
Test Area B

Holograms from TIG Welded Test Cylinders
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The pressurization system contained a positive displacement pump and regulators to achieve
the high hydrostatic pressures required and to maintain reliable pressure control  An attempt was

was inereased in 345 MN m? (0.5 Kpsi) increments and acoustic emissica counts recorded for cach
increment. 1t was found that accurate emission count could not be obtained due to exiernal noise
and vibrations generated by the positive displacement pump. Acoustic monitoring was continued
using the audio output system, since this afforded a reliable indication of when cylinder failure
oceurred.

Figure 39 shows a typical tailure in nickel electrotormed outer shelis. The bulge is shallow due
to the high buckling strength of the electroformed nickel. Invariably. failure of the nickel shell and
Amvzirc liner joints occurred away from the ends of the bonding ribs. Figure 40 depicts a typical tuil-
ure of the cylinders electroformed with copper to produce the outer shell. All failures occurred at. or
near. the ends of the bonding ribs, except in one case when the restraining blocks were located to in-
hibit failure at this location and in another instance when the cylinder had been TIG welded. The
presence of minor bulging (buckling) can be seen over the entire channel and cross-manifold area of
the cylinder shown in Figure 40. This was also observed on all destructively tested cylinders with
copper outer shells.

The preference of the copper electroformed cylinders to fail at bonding rib ends is possibly
related to simultaneous buckling (bulging) in both the channels and the cross-manifolds. This con-
tributes to high stress concentrations at the rib ends where failures appear to start. This was not
observed in the nickel electroformed cylinders where buckling strength of the clectrodeposits over
the channels was in excess of the hydrostatic loading required to fail the bonding ribs. Since buckling
of the nickel shells could not occur, except on the TIG welded cylinder. the hydrostatic pressure
foading was more uniformly distributed over all bonding ribs. This probably contributed to the ran-
dom location of failures along the bonding ribs of these cvlinders.

G. MECHANICAL PROPERTY DETERMINATIONS

It was expected that high integrity bonds would be obtained in all of the electroformed cylin-
ders. and destructive testing would result in failures oceurring in the weaker of the two metals com-
prising the bonded joints. On this hasis the calculuted bond strengths to be determined from the
hyvdrostatic pressures required to fail the cylinders would be expected to be in close agreement with
the tensile strength of the weaker metal involved in the bond.

Mechanical property test strips representing the electrodeposited outer shell were cut from the
regions of the cylinders which had been passivated to prevent bonding. Figure 41 shows a typical
nickel clectroformed cylinder with the two mechanical property test strips removed. Ditficulty was
experienced in the removal of these test strips from one rickel shell cylinder. and three of the copper
shell eylinders. This was due to localized bonding and indicated that the passivation treatment may
have been for too short a period. Where localized bonding occurred. the strips were generally de-
formed. scratched. or contained small areas where metal was torn away during removal from the
Amyzire liners.

Full length specimens were cut from three randomly selected Amyzire evlinder forgings after
the outer shell mechanical property test strips had been removed. These were surface ground. using
a erinding coolant, to produce tlat tensile test bars.
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Figure 40. Typical Failure Pattern in Cylinders Electrotormed with Copper Quter  Shells
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Removal of Mechanicd] Property Test Strips from Llectrotormed Outer Shell
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Table XHIT shows the results of mechanical property testing of all of the metals composing
the test eylinders. The shells of theaunwelded nickel ele troformed oy hinders exhibited excellent con-
sisteney in mechanical properties from one specien to another as was expected, The decrease
altimate and vield strengths of the TIG welded outer shell oo normal tor fgh quality clectroformed
nickel subjected to thermal treatments sutticient to cause metal recrystallization. The pereent of
clongation ina 254 mm (1 in) gauge length Jdid not increase because the girth weld (zone of maxi-
mum metal recrystallization and cxpected highest ductility ywas very nuarrow with respect to the tost
sauge lengtlh.

Only the tensile test specimens from Cylinders C-2 and (-3 appeared to aftord rehiable me-
chanical property results representative of the electrotormed copper outer shells. The other cylinder
shell specimens were damaged in variable degrees during removal from the Amzire forgings. The high
yield strength and lower than expected elongation of test pieces from Cylinders C-1, C4.and C-5
reflect the cold work which occurred in the removal of these strips and subsequent attempts to
straighten them for test. Although specimens from Cylinders C-1.C4, and C-5 suffered adversc
mechanical property changes during the retrieval operations. they still afford a worthwhile compari-
son, since Cylinder C-5 had been TIG welded. The lack of significant differences in tensile strength
and ductility in these samples indicates that short. severe thermal excursions (typical of welding) may
not seriously degrade copper electrodeposits produced by the periodic current reversal technique.
All copper clectrodeposited outer shells exhibited excellent ductility as will be evident from the shell
bulging at the time of joint failure as shown in subsequent photomacrographs.

The mechanical properties of the Amzire forgings were considered normal for this material
and more representative of the desired properties than was found in the Amuzirc forgings used to fab-
ricate baseplates for the flat iest specimens investigated in the development phase of this work. From
these test results it was concluded that the cvlinders with electroformed nickel outer shells should fail
in the Amzire bonding ribs during destructive test. and the ovlinders with clectroformed copper outer
shells should fail in the copper shells.

The mechanical properties of the electroformed copper outer shells were lower thun those
determined for specimens produced under the same conditions of electrolyte composition. clectrolyte
temperature, and current density in the development phase of this work (Table V. This difference
can only he attributed to the change in the periodic current reversal evele employed for electro-
forming the outer shells on the evlinders. Towas rot expected that this ratio of cathodic to unodic
current would promote such a significant change in mechanical properties. However. had the same
periodic current reversal cycle used in the development effort been applied to the eylinder sheli
clectrotorming. it would stili be expected that destructive test fuiture would eccur in the copper outer
shell.

H. TEST CYLINDER BOND STRENGTH CALCULATIONS

The bond strength of cach destructively tested cyvhinder was determined from the formula:

. Ag
S=pPx —
Ay
The definition of the terms of this formula are the same as previously presented m Section N,
Flectroforming Development. Since minor buckling thulpingy of the outer <hells prior to joint tabure
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TABLE XIII
MECHANICAL PROPERTY TEST RESULTS -

ELECTROFORMED OUTER SHELLS AND AMZIRC FORGINGS

Mechanical Properties

Specimen
Liner Stock or Thickness Ultimate Strength Yield Strength
Efectroformed Cylinder Elongation
Metal Number in. mm Kpsi MN/m? Kpsi MN/m? % in 1in.
Nickel N-1 Test specimens coutd not be separated from this cylinder.
N-2 0.042 | 1.067 114.0 186.0 754 519.9 18
0.042 | 1.067 113.4 781.9 18.6 541.9 15
N-3 0.046 1.168 59.1 407.5 46.1 317.9 15
(TIG Welded) | 0.045 | 1.143 57.3 395.1 441 304.1 15
N4 0.047 | 1.194 | 109.1 7152.2 76.2 525.4 16
0.046 | 1.168 | 106.4 7336 93.2 642.6 13
N-5 0.049 | 1.245 | 1119 7716 85.8 591.6 19
0.049 | 1.245 | 1113 761.4 82.1 566.1 20
Copper c-1* 0.049 | 1.245 32.2 222.0 30.7 2117 13
0.049 | 1.245 32.6 2248 295 203.4 12
c-2 0.056 1.422 29.9 206.2 19.9 137.2 36
0.055 | 1.397 299 206.2 185 1216 33
c3 0.05 | 1.397 214 188.9 17.2 118.6 22
0.055 | 1.397 274 188.9 16.0 110.3 20
c-4* 0.054 1.372 343 236.5 317 218.6 12
c-5* 0.055 | 1.397 334 236.3 31.2 2151 12
(TIG Welded)
Amzirg N-2 0.178 | 4.521 53.1 366.1 46.6 321.3 28
C1 0.200 | 5.080 52.5 362.0 444 306.1 29
C3 0.179 | 4.547 49.0 3378 41.2 2841 18

*Test strip was severely deformed, scratched, or torn in small areas during removal from the cylinder., Attempts to
straighten or repair the specimens probably introduced various degrees of cold work.
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occurred only on the copper clectrotormed oviinders, the arca “\c Carca of the electrodeposited cover-
plate over the pressurized channels) was erenter for copper shell evimdors than tor nicket shell ovilin:
ders. This permanent deformation i the copper shells, Figare 400 was consenvativedy estimated to
increase the shell area under pressure by ten pereent.

Tuahle X1V presents the caleulated bond strengthis for cach destructively tested channel pat-
tern for cach eylinder and provides the test data by which these colculations were made. Fhe wviibues
of the caleulated bond strengths for wll test sections of the cylinders with nickel electrodeposited
outer shells were in close agreement with the tensile strength values of the Amzice forgings reported
in Table XIIY. Failure would thus be expected to oceur in the Amzire honding ribs. and this was
what actually happened as the metallographic examination disclosed. Figure 42. The photomacro-
graphs in this figure illustrate the strain “necking” of the Amzirc bonding ribs betore material stress
failure. One photomicrograph in Figure 42 confirms that Amazirc is still bonded to the nickel shell
after the joint failed. The remaining photomicrograph shows the nickel shell rupture after the joints
had failed. This rupture occurred parallel to a string of pin-holes in the electroformed nickel; these
are also discernable in the photomacrographs of Figure 42. This phenomenon occurred on at least
two of the cylinders with nickel shells and one of the cylinders with a copper shell.

It was suspected that the formation of pin-holes was related to the silver conductivizing oper-
ation. The Amzirc cylinders afforded a farger heat sink than the flat panels in the developmeni pro-
gram. When the wax-filled channels were heated in an oven prior to application of the siiver powder.
the Amzirc did not have sufficient time to thermally stabilize at the melt temperature of the channel-
filling compound. When the cylinders were removed from the oven and conductivized. the Amzirc
bonding ribs absorbed sufficient heat at the wax interface to prevent optimum bonding of the silver
powder to the edges of the wax suifaces. In processing Cylinder N-S for electroforming. the Amazire
liner was intentionallv heated for an insufficient period prior to conductivizing. After electroforming
the shell for a sixteen hour period. the deposition process was stopped and the shell examined. Nu-
merous tiny pin-holes were present in die deposit and all were in zlignment with the channel-bonding
rib interface. The pin-holes were all closed mechanically and clectroforming resumed atter reactive-
ting the nickel surface. Similar pin-holes were also evident in the copper shell of Cylinder C-1
(Figure 43). Photographs showing where theve holes were initiated in the nickel shell of Cylinder N-5
are found in Appendin Bl Figure S0, Stuch defects possibly contributed to outer shell rupture before
all of tie joints failed in destructive test. The liner preparation specitication in Section V has been
modified to require a more rnid contral of therma! stabilization in the chumber liner prior to con-
ductivizing.

The photomicrographs and low magmtication photozraphs of Figure 43 illustrate joint failure
in Cylinder C-1 as having occurrad in the eopper outer shell. From Table XIV. the calculated bond
strength for Test Area B of Cylinder C-1 wanld indicate failure in the clectrodeposited copper. Un-
like Test Area B, Test Area A of Cylind=r C-1 was not constrained in the arcas of the cross-manifolds
connecting the channels. This. combined with the pin-hole defects previously noted in the copper
shell of this particular evlinder. possibly decreased the brickling fhulgingy resistance at the ends of the
bonding ribs. and this is where joint failures occurred. The low calculated bond strength for Test
Area A in Table X1V is possitly in error on this kasis. since the photomacrograph in Figure 43 con-
firms clectradeposite T eemper to still be attached to the Amazire riks at the failed joints. Of the nine-
teen test arcas on the ton eviimdors destrectively evaluated., the cileulated bond strength for Area A
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Cylinder N 1 Magnification 4X Cyhisider N1 Magnification 4X
Test Atea A Test Area B

Nickel

Amzirc

Cylinder N1 Magnitfication 32X

Cylinder N-1 Magnification 32X
Test Area B

Test Area B

Freure 420 Metallographic Fxamination Results for Nickel Flectrotormed Test Cvlinder
N-T atter Fatlure
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Cylinder C-1 Magnification 4X Cyting 21 Magnification 4X
Test Area A Test Area B

Electrotormed Copper Failure Eiectioformed Copper Shell

Am-zsire Rib
Cyhnder €1 Muanification 32X Cylimder C 1 Magnitication 32X
Test Area B Test Area B

Froure 43 Metallographic T vamination Results for Copper Blectrotonned Tost
Cviinder C-1 aiter buadare
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of Cylinder C-1 was the only value which did not appear valid when compared to the mechanical
property test data of Table XHand the metallographic evidence.

Figure 44 presents typical microstructures observed in the nickel and copper outer shells from
the two cylinders submitted to TIG welding. Large grain grow th is evident in the clectrotormed mickeld
where the weld created @ severe thermal environment. The nickel grams are snubler near the bonding
rib. indicating this material acted efficiently as a heat sink. No faiture at the electroform bondline is
evident. In the copper shell, recrystallization oceurred. as was expected. The colummar grain structin
ty pical of periedic reversed deposits of copper. was converted to equisaned grains of finer size thun
was anticipated. This structure somewhat resembles that of copper pyrophosphate deposits and may
possibly account tor the higher pressure required to fail the TIG welded copper eylinder.

Results of the metallurgical examination of tie remaining test cylinders will be found in

Appendix B. All bonds were judged to have a strength of at least 100 percent of the mechanical
strengih of the weaker component metal, since no failures were detected in the electroform bondline.
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Part of Failed Amuzire Rib Part of Faited Amzire Rib

+"

'%m %@‘Mﬁfx > *’”‘ i ——— NS

Electroformed Nicket, As Deposited Electroformed Nickel, After TIG Weld
Cylinder N-5 Magnification 100X Cylinder N-3 Magnification 50X
Test Area A Test Area B
L SRR PR WL SN Viae Y ~
' . v 1 A
"\ {}‘/‘:\ . (" /{,\i /1 :
. N - 5 - B | N -
Y. / AU S|
o ! . S
i - \*\I 3 N N 3
o C{\? o Ly Y
- - s, o . The area shown in the adjacent photograph
o ;~ < ;,‘,"/ hot . iltustrates the recrystaltization which occurred
i' o i - ' . ,':f\ ) in the electroformed copper outer shell as a
o TToe - ‘ . ,) k’-‘r ' result of TIG welding the test cylinder. This
- \ P :}1 L ’ section was located approximately 19.1 mm
1// ) \) S R + S {0.75in.] from the TIG girth weld since
. v \ - T ST - this is where failure occurred.
. [) 7 s "l
bl e T
S AL Ce Padia
S A , S
\‘ B /J J‘\{ ’ / A/"—-J . . '
Mo T
Cylinder C-5 Magnification 100X
Test Area B

Figure 44, Photomicrographs Showing TIG Weld Etfects on the Microstructures ot
Electrodeposited Nickel and Copper Outer Shells

108




VII. CONCLUSIONS AND RECOMMENDATIONS

It has been demonstrated i this work that reproducible mechanmcal properties can be ob-
tained in nickel and copper electrodeposits from the mckel sulfamate and acid copper suitate electro
lytes. It has also been shown that copper and nickel electroform bonds can be made on copper and
copper alloy substrates with consistently reliable jomts resulting, The results of testing and metatfo-
graphic examination of the Amzire cyhinders with nickel and copper outer shells veritied that the
specifications developed led to the tabrication of consistently refiable electrotormed structures.

The use of periodic current reversal appears to enhance the uniformity of the grain structure
in acid copper sulfate electrodeposits. It enables the electroformer to produce good mechanical
properties, regardless of the deposit thickness. Current density and the periodic current reversal cycle
selection appear to have significant affects on the mechanical properties. A current density of about
4.84 A/dm? (45 A/ft?) and a periodic current reversal cycle with a cathodic to anodic ratio of 2:1
resulted in the most satisfactory mechanical properties in this study. Variation of these parameters
makes a wide range of mechanical properties possible. Use of the recommended current density and
periodic reversal ratio will result in copper deposits with mechanical properties at least equivalent to
those of the wrought annealed copper counterpart.

Copper sulfate electrodeposits produced with periodic current reversal appear to have ex-
cellent thermal stability. Exposure of these deposits to high temperature for short periods, such as
the TIG welding. resulted in recrystallization as would be expected. However. the new structure re-
tained good mechanical properties and the electrodeposit exhibited no evidence of voids or porosity.

Pyrophosphate copper electrolytes were also shown to be capable of producing deposits with
excellent mechanical properties. Under optimum plating conditions. pyrophosphate copper deposits
exhibited slightly better mechanical properties thun could be obtained from the acid sulfate bath using
periodic current reversal. The yield strength of copper was particularly e»anced by deposition from
the pyrophosphate solution. The unusual microstructure of these deposi+ 1y contribute to this
phenomenon. The pyrophosphate electrolyte is very ditticult to control and maintain in comparison
with the acid copper sulfate bath. Producing deposits consistently within a specific range of mechuni-
cal properties may prove difficult unless the electroformer has considerable experience with the pyro-
phosphate bath and the many pecularities associated with it.

Nickel electrodeposits from the sulfamate bath cxhibited cxcellent mechanical properties over
a current density range of 2.15 t0 4.30 A/dm? (20 to 40 A/ft?) and an clectrolyte temperature of
44.4to 51.7°C (112 to 125°F). The range of tensile strength was 634.3 to 792.9 MN/m? (92 to
115 Kpsi) and the elongation in 25.4 mm (one inch) varied trom 10 to 20 pereent for these electro-
deposition parameters. Wrought annealed Nickel 200 is reported [9] to have typical properties as
follows:

Ultimate Strength Yield Strength Elongation
Kpsi N/m? Kpsi MN/m? "7 in 2 inches

67.0 462.0 21,5 1482 4-
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The ductility of the wrought nickel cannot be duplicated in the electroformed counterpart. How-
ever, the “as deposited” mechanical strength is superior and the elongation in a given guage length is
satisfactory for most structural applications. This difference is attributed to microstructure and the
fact that Nickel 200 contains trace malleabilizing elements promoting good ductility over a wide test
temperature range by chemically compounding any sulfur present.

After TIG welding. the nickel electrodeposits retained good mechunical properties - even though
recrystallization had significantly changed the microstructure.

The results of bonding studies and tests indicated the copper and copper alloy activating pro-
cedures were adequate for producing high integrity joints. In all tests on Amzirc cylinders (simulated
thrust chamber liners), the bond strengths were equivalent to 100 percent of the mechanical strength
of the weaker metal comprising the joint. The program objective of attaining at least 80 percent of
this strength was exceeded.

Pin-hole leakage paths in electroformed nickel outer shells had previously presented a serious
problem in producing high quality structures. The investigation of these defects indicated the problem
could be circumvented by special precautions in conductivizing the wax-filled coolant passages.

Applying the processes and procedures developed in this program, components for two low
cycle thermal fatigue study engines were electroformed to produce outer shells for internally cooled
structures. Figures 45 and 46 illustrate the parts. These engines will be used by NASA-Lewis Research
Center for thermal fatigue evaluation of electroformed copper deposited by the periodic reversal pro-
cess.

1t was apparent from the results and observations of this program that a more detailed investi-
gation of several processes and procedures would be desirable. This was not possible due to the al-
ready broad scope of the project and the specific objectives to be met. It is anticipated that further
investigation in the following areas would be valuable in improving the capability of electroforming to
preduce high quality thrust chambers for use under high pressure and severe thermal service:

] Continue the study of periodic current reversal deposition from the copper sulfate
elzctrolyte to determine the quantitative effects of cathodic-anodic cycle ratio and cycle
length on mechanical properties. Include the variation of electrolyte temperature in
this study.

] Investigaie improved electrolyte agitation techniques in the py rophosphate copper elec-
trolyte and determine the effects on mechanical properties. particularly on ductility.

e Conduct a study to determine the effects of thermal treatments on the mechanical
properties of pyrophosphate copper and periodically reversed copper sulfate electro-
deposits. Subject specimens to tensile test at elevated temperature.

. Produce and test low cycle thermal fatigue study spools from pyrophosphate copper and
acid copper sulfate electrolytes controlled to the optimized parameters obtained in the
above studies.

. Investigate the effects of dispersion strengthening copper electrodeposits by codeposition
of thermally stable dispersoids of small particle diameter.
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APPENDIX A

TEST DATA FROM 56.8 LITER (15 GALLON)
PYROPHOSPHATE COPPER ELECTROLYTE STUDY
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APPENDIX B

METALLOGRAPHIC EXAMINATION RESULTS OF JOINT FAILURES
IN NICKEL ELECTROFORMED SHELL CYLINDERS N-2 THROUGH
N-5 AND COPPER ELECTROFORMED SHELL CYLINDERS C-2
THROUGH C-5



Cylinder N-2 Magmification 4X Cylinder N-2 Magnification 4X
Test Area A Test Area B

Etectroformed Nickel Shell

The mode of the joint failure typical in the
cyiinders with eleciroformed nickel outer
shells s iilustrated in the adjacent photo-
micrograph. The Amzirc bonding rib has
fafed in an idea! “neck-down’ and shear
pattern typicat of a ductile metal. The
slectroformed bond appears undisturbed
The bondiine is accented by the preferential
grain etch used to display the copper micro-
structure.

Cyiinder N2
Test Area A
Magnitication 32X

Amzirc Bonding Rib

Fioure 470 MetsHooraphic D vamimation Results tor Nickel lectrotormed Tost Cvlinder
N-D AL Fotiuge
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Cylinder N-3 Magnification 4X Cylinder N-3
Test Area A Test Area B

TIG Weld Zone TIG Weld Zone

Magnification 4X

Photomicrograph showing the joint failure
as occurring in the Amzirc bonding ribs.

Cylinder N-3 (T1G Welded)
Test Area B
Magnitication 32X

Amzirc Bonding Rib

Figure 48, Mcetaltographic Examinaton Results for Nickel Electrotormed Test Cyvlinder
N-3 After Fuilure
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A section from the failed area of Test
Section A disclosed alt Amzirc bonding ribs
contained tensile failures typical of ductile
metals. Portions of each of the bonding
ribs are securely attached to the bulged
electroformed outer shell.

Cylinder N-4 Magnification 4X
Test Area A

The manner of joint failure in Test Area B
was almost identical to that shown for Test
Area A. Orly one Amzirc bonding rib has
not failed, but it has been strained to a
point of impending failure.

Cytlinder N -4 Magnification 4X

Test A B

Vctattoeraptine bsamimation Results for Nicke! Llectroformed Test Cylinder
Ner Adter Pahare
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Cytinder N-5 Magnification 4X Cylinder N-5 Magnification 4X
Test Area A Test Area B

Electroformed Nickel Shell

This section shows a typical Amzirc bonding
failure resulting from destructive testing

of the cylinder. Note the “pin-hole” defects
adjacent to the portion of the Amzircrib
still attached to the electroformed nickel
shell. These defects were intentionally pro-
duced and repaired by peening them closed
after the electroform build-up was about
0.305 mm (0.012 in.} thick. in addition to
the plating stop required to make this repair,
one other stop and restart was made to ex-
amine the build up over the repaired area.

Cylinder N-5
Test Area A
Magnification 32X

Figure 50, Metallographic Examination Results for Nickel Flectroformed Test Cylinder
N-5 Aftter Failure
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Cylinder C-2
Test Area A

Cylinder C-3
Test Area A

Figure ST,

Magnification 4X

Metallographic I xamination
C-2 and C-3 Atter Fatlure

Cylinder C-2
Test Area B

Cylinder C- 3
Test Ares B

Results tor Copper Flectrotormed
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Cylinder C-4 Magnification 4X Cylinder C-4

Magnification 4X
Test Area A Test Area B

Electroformed Copper Shell Electroformed Copper Shell

Amzirc Rib

Magnification 32X Cylinder C-4
Test Area B

Amzirc Rib
Cylinder C-4

Magnification 32X
Test Area A
Figure 52, Metallographic Examination Results for Copper Flectrotormed Test Cyvhinder
C-4 Atter Failure




Cylinder C-5 tMaanification 4X
Test Area B
Section 19.1 mm i0./5 .} hom TIG W
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